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Project Objective:  Carnegie Mellon University was teamed with the Alcoa Technical Center 
with support from the US Dept. of Energy (Office of Industrial Technology) 
and the Pennsylvania Technology Investment Authority (PTIA) to make 
processing of aluminum less costly and more energy efficient.  
Researchers in the Department of Materials Science and Engineering 
have investigated how annealing processes in the early stages of 
aluminum processing affect the structure and properties of the material.  
Annealing at high temperatures consumes significant amounts of time 
and energy.  By making detailed measurements of the crystallography 
and morphology of internal structural changes they have generated new 
information that will provide a scientific basis for shortening processing 
times and consuming less energy during annealing. 
 
Background: The status of the Domestic Technology for the thermomechanical 
processing of aluminum alloy intended for sheet and plate product is as 
follows.  Hot rolling processes are aimed at breaking down as-cast 
structures in Direct-Chill (DC) ingots.  Critical to the success of this stage 
of the processing is the refinement of the as-cast microstructure in terms 
of both grain morphology and the crystallographic orientations present; 
we will refer to the latter as texture.  Achieving correct texture is 
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particularly important to the application of such materials as 5xxx for can 
closures and 3xxx for beverage can stock.  In particular, it is standard 
practice to anneal partially broken-down slabs for long times in order to 
ensure that recrystallization is completed before continuing the hot rolling 
process.  Simple models exist that describe the rate at which the 
recrystallization process takes place but no information is available on the 
texture development.  This proposal project will remedy that lack by 
measuring texture-dependent recrystallization rates (kinetics). 
 
Status: The project is complete.  Three different commercial purity aluminum 
alloys (AA1050, AA5005 and AA3003) were studied. The main 
applications of these (non-heat treatable) alloys are beverage cans, 
automotive products etc. Recrystallization and texture evolution are two 
very important transformations in the thermo-mechanical processing of 
these alloys. These transformations are of critical importance for 
aluminum industry as they are directly related to energy consumption and 
properties of the finished products. The main aim of this project is to 
further increase our current understanding of recrystallization and texture 
evolution using advanced analytical tools like Electron Backscatter 
Diffraction (EBSD).  
 The project was divided into two main parts - experimental data collection 
and extraction of critical parameters from experimental data forming one 
part and simulation of recrystallization from the experimental data and 
comparison of experimental results with simulation being the other part. 
The experimental data collection and analysis involved annealing of as-
received samples and scanning them in an EBSD system. The main 
approach followed in the experimental analysis was that of identification 
of the most important parameters required for quantification of 
recrystallization and texture evolution.  This analysis required 
development of algorithms for extraction of the parameters from the 
experimental data. All experimental data collection and analysis was 
completed for the three alloys. Similar procedures were applied to the 
three alloys; therefore the differences in their behavior delineated the 
effect of variation of different alloying elements on recrystallization and 
texture evolution in aluminum alloys. To aid in understanding the effect of 
processing conditions (temperature and strain), the as-received hot rolled 
samples were also deformed in a specially designed deformation 
simulator capable of controlling deformation parameters. 
 
 
Accomplishments:    Recrystallization and texture evolution in three commercial purity 
aluminum alloys were studied to understand the effect of composition and 
processing conditions. All the as-received metals were hot rolled to high 
strains. Annealing treatments were carried out on these as received hot 
rolled samples followed by scanning in a Scanning Electron Microscope 
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(SEM) with an EBSD system attached.  Some of the main experimental 
accomplishments of the project are summarized as follows:- 
1. New procedures and parameters were established for quantifying 
the extent of recrystallization from electron back scatter diffraction 
(EBSD) scans based on orientation spread within grains: high 
orientation spread was found to be a reliable indicator of deformed 
grains versus low orientation spread for recrystallized grains. 
2. The software for performing computer simulation of 
recrystallization has been transferred to the industrial partner 
(Alcoa) and is being used to study in-house thermomechanical 
processing. 
3. Controlling mechanisms were determined for recrystallization in 
hot rolled aluminum alloys (migration of high angle grain 
boundaries). 
4. The differences between deformed, recovered and recrystallized 
grains were demonstrated based on easily identifiable parameters 
(GAM and GOS). 
5. The activation enthalpy associated with recrystallization in 
commercial purity Al (AL-1050) was similar to that of diffusion of 
iron in aluminum.  This result is in agreement with previous work 
and suggests that the kinetics of recrystallization are dominated 
by solute drag of the grain boundaries by impurities such as iron. 
6. The results of performing tests in Alcoa’s Deformation Simulator 
showed that low deformation temperatures (200°C) result in 
deformed microstructures similar to those in the material supplied 
by Alcoa.  High temperatures around 400°C, however, resulted in 
nearly recrystallized microstructures. 
7. By observing the nucleation and growth of recrystallized cube-
oriented grains, we were able to quantify the preference for their 
growth in different deformation orientations. 
8. Similar observations on the variations in volume fractions of 
deformation texture components during annealing showed that the 
S component is consumed more rapidly when compared to the 
Brass and Copper components. 
9. Variations in composition affected the recrystallization process.  
Addition of Mg accelerated recrystallization kinetics (most likely 
because solid solution hardening giving rise to larger driving 
forces); addition of Mn leads to precipitation of second phase 
particles.  
10. A set of tools called “Microstructure Builder” (MS Builder) were 
assembled that permit generate 3 dimensional microstructures 
which statistically similar to the experimental input microstructures 
(2 dimensional). 
11. The effectiveness of MS Builder was demonstrated by generating 
3-D microstructure to simulate hot rolled Al1050 samples. The 
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generated microstructures showed reasonable agreement with the 
size distribution in the experimental observations. The 
crystallographic orientations distributions were a good match to 
those observed in the Al1050 samples. 
12. A method for calculating the stored energy using electron 
backscatter data was developed. With this method, we calculated 
the variation in stored energy as a function of crystallographic 
orientation and inserted the values into the simulations of 
recrystallization thereby improving the accuracy of texture 
development. 
13. A method was devised for adding nuclei to the generated 3-D 
microstructure to reflect the experimental observations. The 
analysis of the data provided the following information: 
a. Most nuclei have similar texture to the parent grains. This 
conforms to the subgrain coarsening theory for generation 
of nuclei (from the deformed structure). 
b. Most of the nuclei occurred on, or close to grain 
boundaries in the deformed microstructure. 
c. Grain boundaries adjacent to the S oriented grains had the 
highest probability of nuclei formation. 
14. The recrystallization kinetics were most sensitive to grain 
geometry and nuclei placement. 
15. A method was developed to predict texture evolution during the 
process of recrystallization.  
16. A basic sensitivity analysis on the factors that control or influence 
the process of recrystallization revealed the following ranking of 
the factors in order of decreasing importance: 
a. Oriented nucleation. 
b. Oriented growth. 
c. Stored energy. 
 
 
This summarizes the main findings of the study.  More detailed 
information about the actual experimental details can be found in the 
attached theses by Mohammed Alvi (experimental) and Abhijit Brahme 
(simulation) and the separate report on AA3003. 
 
 
Abstract from thesis submitted by Mohammed Alvi for his PhD. 
 
The kinetics of recrystallization and texture evolution in hot rolled aluminum alloys 1050 
and 5005 have been analyzed. The as-received samples were given isothermal 
annealing treatments at different temperatures and their recrystallization kinetics and 
texture evolution were obtained as a function of annealing temperatures and times. Two 
different methods were used to measure recrystallization kinetics - microhardness 
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variations and mapping with Electron BackScattered Diffraction (EBSD) also known as 
Orientation Imaging Microscopy (OIM). Microhardness variations represent an average 
behavior against which the methods based on EBSD were compared. Intragranular 
orientation variation (short-range and long-range) was found to be an important 
parameter for partitioning EBSD maps into deformed and recrystallized regions. 
Comparable recrystallization kinetics were obtained from microhardness variations and 
EBSD.  Microstructural Path Modeling (MPM) was used for analyzing recrystallization 
kinetics. Recrystallization in hot rolled aluminum alloys 1050 and 5005 was determined 
to be site-saturated and controlled by migration of high-angle boundaries. 
 
The ability to partition deformed and recrystallized regions based on intragranular 
orientation variations provided an important tool for analyzing and understanding the 
texture evolution in deformed and recrystallized grains independently of each other. 
Rolling orientation components S and Brass exhibited very different effects on 
annealing. While the deformed S orientation was observed to decay very fast, Brass 
deformed grains remained stable to annealing.  Recrystallized grains had Cube as the 
main texture component, which nucleated from the deformed Cube bands. The 
recrystallized Cube grains exhibited both a nucleation and growth advantage when 
compared to the other recrystallized orientations. Although the nucleation advantage of 
Cube recrystallized grains was observed to be present at all annealing temperatures, the 
growth advantage for these grains were present only at low annealing temperatures. 
 
Abstract from PhD thesis submitted by Abhijit Brahme for his PhD: 
 
The main aim of this work was to model microstructural evolution during recrystallization. 
This was achieved by characterizing it in terms of recrystallization kinetics and texture 
development and by identifying factors that exert the greatest effect on the  
recrystallization process. To achieve the above, geometric and crystallographic 
observations from two orthogonal sections through a polycrystal were used. Using these 
as input to the computer simulations, a statistically representative three-dimensional 
model was created.  Assignment of orientations to the grains was done such that 
nearest neighbor relationships match the observed distributions. The microstructures 
thus obtained were allowed to evolve using a Monte-Carlo simulation. A parametric 
study was done to study the effects of various factors on recrystallization kinetics and 
texture development during microstructural evolution. 
 
A set of software tools (Microstructure builder) were developed to generate the 
microstructures. The process involved the use of a ellipsoidal packing method combined 
with a voxel-based tessellation technique to create a 3 dimensional digital microstructure 
having the desired set of grain aspect ratios. Orientation assignment to the grains in the 
microstructure was done using a simulated annealing method that minimized the error 
between the orientation distribution function (ODF) and misorientation distribution 
function (MDF) of the measured and simulated materials. 
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The effect of grain geometry and placement of nuclei on recrystallization kinetics was 
studied. A close match in the recrystallization kinetics as measured in the experiments 
and the simulations was found to be most sensitive to the accuracy with which the 
geometry of the simulated microstructure matched that observed in experiments.  
 
Also the effects of anisotropy, both in energy and in mobility, stored energy and oriented 
nucleation on overall texture development were studied in the light of various established 
competing theories of oriented nucleation (ON), oriented growth (OG) and orientation 
pinning (OP). The results from the simulations suggested that all of oriented nucleation, 
mobility anisotropy, stored energy and energy anisotropy (listed in order of their relative 
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1/ Month 3 
 
Preliminary optical and scanning 
electron microscopy on 1050, 5005. 
Start+3 
 




2/ Month 6 
 
Complete preliminary hot 
deformation experiments on 1050. 
Start+6 
 




3/ Month 9 
 





15 Apr 02 
 
Completed.  A series of isothermal 
annealing experiments were 
analyzed in terms of the JMAK 
theory to obtain an activation energy 
and growth exponent for 1050. 
4/ Month 12 
 
Complete recrystallization 







5/ Month 15 
 
Characterization of recrystallization 







6/ Month 18 
 
Complete hot deformation 
experiments on 5005. 
Start+18 
 
30 June 02 
 
Completed.   
 
7/ Month 24 
 
Development of analysis of 









8/ Month 27 
 






Completed.  Results showed that all 
the factors considered in the 
literature play a role in the 
development of microstructure and 
texture during recrystallization in 
this material. 
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9/ Month 30 
 
Complete recrystallization 







10/ Month 36 
 
Analysis of texture, recrystallization 
kinetics data: transfer to modeling 






Recrystallization kinetics for the as-
received 1050 transmitted to 
industrial partner (Dr. S. Cheong). 
11/ Month 39 
 
Design of experiment, with 
emphasis on contrasting current, 
conventional process with a single 
new, proposed process.  New 
process will be designed so as to 
provide full recovery of the 





12/ Month 42 
 
Conventional material obtained.  
Annealed material from the new 
trial process obtained. 
Start+42 
 
Jan-05 Alcoa supplied samples of 3003 
from 3 different processing histories 
13/ Month 45 
 
Conventional and New Process 
materials analyzed.  Analysis will 
include, at a minimum, grain size 
and shape, texture (orientation 






14/ Month 48 
 
Delivery of final report including 
evaluation of the degree to which 
the program has succeeded in 
reducing annealing times, in 
addition to more basic information 
on quantification of recrystallization 






Budget Data (as of Dec. ‘05):  
 
 Approved Spending Plan Actual Spent (Dec. ’05) 









 From To       
Year 1 8/01 7/02 80,000 70,000* 150,000    
Year 2 8/02 7/03 80,000 70,000* 150,000    
Year 3 8/03 7/04 80,000 70,000* 150,000    
Year 4 8/04 7/05 80,000 70,000* 150,000    
Totals 320,000 280,000* 600,000 331,120 *284,683 616,966 
 
 
No Spending Plan is included because the project is complete. 
*  The cost sharing includes $66,076 of in-kind cost-share by the industrial partner, Alcoa, which 
was expended in the form of materials supplied, and research services provided to the project at 
the Alcoa Technical Center.  Services included assistance with development of characterization 
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and performing tests in the Deformation Simulator (a specialized mechanical testing system that 
emulates real life processing in rolling mills). 
Hot rolling of Aluminum Alloy 3003 
M.H. Alvi, September 2005 
1. Introduction 
Hot rolled samples of Aluminum Alloy 3003 (AA3003) were analyzed for 
microstructural and textural evolution, by using the GOS-GAM approach developed for 
Aluminum Alloys 1050 and 5005.  This report presents the analysis of as received 
samples of AA3003 at two different deformation conditions.  Delayed delivery of the 
material to Carnegie Mellon University meant that only the deformed condition could be 
analyzed and no annealing was attempted. 
 
2. Chemical Composition  
Aluminum Alloy 3003 is a commercial purity alloy used typically for beverage cans and 
other light weight applications. One of the main components for AA3003 is Manganese 
(Mn), which has low solubility in Al and forms large second phase particles in the alloy. 
These particles not only have a strong influence on the mechanical properties of the 
material, but also influence microstructural and textural evolution of the alloy upon 
deformation and annealing of deformed samples. Chemical composition of hot rolled 
AA3003 used in present analysis is given in Table 1. 
Table 1 Chemical composition of AA3003 (wt %) 
Element Al Si Fe Cu Mn Mg Cr Ni Zn Ti 
Wt % 98.103 0.200 0.500 0.100 1.070 0.001 0.002 0.007 0.010 0.007 
  
Compared to AA1050 and AA5005, the concentration of Al in AA3003 is between the 
two alloys, whereas the concentration of Fe and Si is similar in all three alloys.   
 
3. Processing history and experimentation 
The deformation history of hot rolled AA3003 used in present study is given in Table 2. 
Table 2 Deformation history of AA3003 
Pass No. Slab Temperature (°F) Gauge (in.) % Reduction 
0 926 21.4 0 
1 926 20.5 4.2 
2 926 19.3 5.9 
3 926 18.1 6.2 
4 926 16.8 7.2 
5 926 15.4 8.3 
6 926 14 9.1 
7 926 12.6 10.0 
8 926 11.1 11.9 
9 926 9.6 13.5 
10 926 8.1 15.6 
11 926 6.7 17.3 
12 926 5.3 20.9 
13 823 3.9 26.4 
14 823 2.6 33.3 
15 796 1.3 50 
16 734 0.66 49.2 
17 687 0.4 39.4 
18 658 0.25 37.5 
19 527 0.125 50 
The samples for present analysis were obtained from the two 50% reduction passes (pass 
15 and 19), shown in bold in Table 2. Microstructure and texture of these samples were 
analyzed by using EBSD scans (see PhD thesis by M.H. Alvi and other standard 
references for a description of this method). Small samples for EBSD analysis were 
obtained from the as-received slab. These samples were polished with 1µm alumina 
powder followed by electropolishing with a perchloric acid solution. Due to the presence 
of elongated grains in plan view (RD-TD sections), samples were taken on longitudinal 
cross-section (RD-ND section) in order to maximize the number of grains included in 
each scan. As it has been pointed out earlier for the case of AA1050 and AA5005, the 
elongated grains observed in the conventional RD-TD cross-section cannot be scanned 
completely, even with scan dimension of 1mm×1mm. Thus a scan on plan view captures 
only partial grains and therefore provides incomplete texture information. This problem 
was solved by changing the scan section to one with smaller grain dimensions. The 
texture of samples scanned on longitudinal cross section in EBSD compares well with 
that obtained from X-ray diffraction. A step size between 1µm and 2µm was used for 
EBSD scans.  
 
4. Microstructural Evolution 
The EBSD scans for deformed samples were analyzed for microstructural evolution. 
Microstructural features like fraction recrystallized, grain size, Grain Orientation Spread 
(GOS) and Grain Average Misorientation (GAM) were estimated for each grain within 
the scan. On average, three scans were obtained on each sample surface. Microstructures 
of samples deformed at the two temperatures are shown in Figure 1 and 2. These 
microstructures are Inverse Pole Figure (IPF) representations where the color of each 
grain represents a given orientation. The orientation information is given in the standard 
triangle shown in Figure 3.  
        
(a) (b) 
Figure 1.  Microstructures of samples hot deformed at 796°F. The samples were scanned 
in longitudinal cross section (RD-ND section), rolling direction being left to right for 
each microstructure. Second phase particles are clearly visible in these scans. Only a 
small fraction of grains have undergone large-scale deformation. (a) and (b) show 
different regions of the same sample surface.  
    
(a) (b) 
Figure 2. Microstructures of samples hot deformed at 527°F. Two different regions of the 
sample surface were scanned as shown in (a) and (b). The samples were scanned in 
longitudinal cross section (RD-ND section), rolling direction being left to right for each 
microstructure. Long bands of deformed grains can be observed in this section. 
 
 
Figure 3. Standard stereographic triangle showing the relationship between surface 
orientation of a point and color. 
 The as-received hot deformed samples were also analyzed for fraction 
recrystallized. Samples deformed at 796°F were 90±2% recrystallized, while the samples 
deformed at 527°F were 10±3% recrystallized. The microstructures shown in Figure 1 
clearly indicate the extent of deformation for the two treatments. The samples obtained 
from pass 15 have large undeformed grains and only selected regions have undergone 
some deformation. Although second phase particles are present in these grains, no low 
angle boundaries can be observed even at 3o boundary misorientation (uniform solid 
color). For the samples deformed at 527°F (pass 19), the extent of deformation is large. 
Almost all grains have some orientation variations within them, indicated by the changes 
in color within each grain. 
 An important parameter to estimate the extent of deformation in a grain is the 
spread in orientation. This spread in orientation within a grain can be described by two 
alternative methods of Grain Orientation Spread (GOS) and Grain Average 
Misorientation (GAM). GOS represents long range orientation variations within a grain 
and is obtained as the average misorientation between all the pixel pairs in a grain. GAM 
on the other hand represent short range orientation variations within a grain and is 
obtained as the average misorientation between neighboring pixel pairs only. GOS and 
GAM values of a grain can be used to describe its state as deformed, recovered and 
recrystallized. Deformed grains have large GOS (long range orientation variations) and 
GAM values (short range orientation variations). Recrystallized grains have low GOS 
and GAM values. Recovered grains on the other hand have and intermediate state of local 
rearrangement by subgrain formation and growth, given by low GAM and high GOS 
values. Thus a grain by grain comparison of GAM and GOS values can be used to 
completely describe the state of sample as deformed, recovered or recrystallized. Figure 4 
(a) and (b) shows a comparison of GAM and GOS values for microstructures shown in 
Figure 1 (a) and (b) respectively, for samples deformed at high temperature (Pass # 15). 
As seen in Figure 1(a), all the grains are still in recrystallized state (undeformed, 
no internal boundaries), therefore, have GOS and GAM nearly equal to each other.  All 
the points in Figure 4 (a) have GOS and GAM values less than 3° and lie near to the 1:1 
line, indicating that all grains are still recrystallized. The grains in Figure 1 (b) show 
some deformation in the center of microstructure, seen as a long thin band of red grains 
with many boundaries. This result is also evident in Figure 4 (b), where few points have 
high GOS and GAM values (GOS greater than 3°). Another important feature observed 
in Figure 4 (b) is that the GOS is greater than GAM for these high GOS grains. As 
pointed out earlier, this microstructural feature of high GOS and low GAM indicates 
recovery of deformed samples. Since the deformation temperature is high (796F), 

















Figure 4 (a) Comparison of GAM and GOS values of microstructure in Figure 1 (a). All 

















Figure 4 (b) Comparison of GAM and GOS values of microstructure in Figure 1 (b). 
Points lying below 1:1 line and have GOS greater than 3° represent deformed grains.  
For the microstructures shown in Figure 2 (a) and (b), the GAM and GOS values are 
shown in Figure 5 (a) and (b), respectively. The elongated deformed grains are shown 
here by points having GOS greater than 3° and GAM greater than 1°. Since the two 
microstructures are similar, the plots in Figure 5 (a) and (b) also show similar variations. 
Since the deformation is high, some concurrent recovery of deformed samples also takes 
place, indicated here by grains having GOS values greater than the corresponding GAM 
values. The points lying below 1:1 line in Figures 5 (a) and (b) represent the grains with 




















Figure 5 (a) GOS and GAM values for microstructure shown Figure 2 (a). Elongated 



















Figure 5 (b) GOS and GAM values for the microstructure shown Figure 2 (b). High GOS 
and GAM values were observed, indicating deformed microstructure, and GOS values 
higher than the corresponding GAM values were observed for grains, suggesting 
recovery of deformed grains.  
 
5. Texture of hot rolled samples  
Texture analysis of hot rolled samples was performed from EBSD scans for samples 
deformed at the two temperatures. The present study provides an important opportunity 
to analyze the effect of deformation conditions on evolution rolling texture in aluminum 
alloys. The differences in rolling temperatures and total strain in the samples can be used 
to understand the effect of deformation parameters on the volume fraction of different 
texture components. Orientation Distribution Functions (ODF’s) corresponding to the 
microstructures shown in Fig 1 and 2 are shown in Figure 6 and 7.  
     
  (a)       (b) 
Figure 6 ODF’s corresponding to the microstructures shown in Figure 1 (a) and (b) 
respectively, for samples deformed at 796F. Cube texture is the dominant texture 
component. However, due to the large grain size, not much can be said about the average 
texture of the deformed samples. Significant differences were also observed for the two 
scans due to the heterogeneity of samples and large grain sizes.  
     
Figure 7 ODF’s corresponding to the microstructures shown in Figure 2 (a) and (b) 
respectively, for samples deformed at 527 F. Strong rolling texture was observed for 
these samples. Almost similar textures were obtained from the two scans, indicating 
uniformity of microstructures for samples rolled at 527F. 
The deformation textures at the two rolling temperatures clearly indicate the differences 
due to the deformation parameters. The main parameter affecting the overall texture of 
deformed samples is the total strain in the sample. For the samples deformed at 527F 
(Pass # 15), the overall strain was higher as compared to the samples deformed at 796F 
(Pass # 19). Elongated grains were formed at the higher strains, leading to rolling texture 
(Brass, Copper and S components). Another important feature observed in these scans is 
the small amount of cube texture. These cube grains might have been formed due the 
second phase particles. When the overall strain was low, no significant deformation was 
observed in the grains and the grains remain essentially dislocation free. Some Cube 
texture was observed for these grains, but this is not representative of the overall texture 
of the sample as the grain size was quite large and only free grains were captured in the 
EBSD scans. Thus an important point is observed about the effect of rolling conditions 
on the texture evolution. The evolution of rolling texture depends upon the overall strain 
in the material.  
 
6. Conclusions. 
Hot rolled samples of AA3003 were analyzed at two different deformation temperatures. 
Although strain in the pass was same for the two temperatures, the overall strain was 
different. Microstructures for the samples deformed at higher temperature show 
dislocation free grains (low GOS and GAM) and no changes in the texture. Elongated 
deformation bands were observed for the samples deformed at 527F. Grains had high 
GOS and GAM values indicating extensive dislocation accumulation in these grains. 
Strong rolling textures were observed in these samples. Significant contribution from 
recovery is also observed for these samples.  
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The kinetics of recrystallization and texture evolution in hot rolled aluminum alloys 1050 and
5005 have been analyzed. The as-received samples were given isothermal annealing treatments
at different temperatures and their recrystallization kinetics and texture evolution were obtained
as a function of annealing temperatures and times. Two different methods were used to mea-
sure recrystallization kinetics - microhardness variations and mapping with Electron BackScat-
tered Diffraction (EBSD) also known as Orientation Imaging Microscopy (OIM). Microhard-
ness variations represent an average behavior against which the methods based on EBSD were
compared. Intragranular orientation variation (short-range and long-range) was found to be
an important parameter for partitioning EBSD maps into deformed and recrystallized regions.
Comparable recrystallization kinetics were obtained from microhardness variations and EBSD.
Microstructural Path Modeling (MPM) was used for analyzing recrystallization kinetics. Re-
crystallization in hot rolled aluminum alloys 1050 and 5005 was determined to be site-saturated
and controlled by migration of high-angle boundaries.
The ability to partition deformed and recrystallized regions based on intragranular orien-
tation variations provided an important tool for analyzing and understanding the texture evo-
lution in deformed and recrystallized grains independently of each other. Rolling orientation
components S and Brass exhibited very different effects on annealing. While the deformed S
orientation was observed to decay very fast, Brass deformed grains remained stable to anneal-
ing. Recrystallized grains had Cube as the main texture component, which nucleated from the
deformed Cube bands. The recrystallized Cube grains exhibited both a nucleation and growth
advantage when compared to the other recrystallized orientations. Although the nucleation ad-
vantage of Cube recrystallized grains was observed to be present at all annealing temperatures,
the growth advantage for these grains were present only at low annealing temperatures.
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1 Introduction
Hot rolling processes form an integral part of processing of wrought aluminum alloys. The hot
rolling processes are aimed at breaking down the cast structures in direct chill ingots and at
refinement of the as-cast microstructure in terms of grain morphology and the crystallographic
orientation (texture). The mechanical properties after subsequent cold rolling and other forming
operations are determined primarily by the texture present after the hot rolling stages. For
example, a balanced texture is essential for reducing the earing tendency during the beverage
can forming operation. The annealing treatments during the hot rolling processes are therefore
aimed at forming a strain-free microstructure in the metal which can be deformed further with
less stress on the metal, thus avoiding crack formation during subsequent deformation. It is a
standard industrial practice to anneal the partially broken down hot rolled slabs and plates for
time periods long enough to recrystallize the metal completely before continuing with further
hot rolling processes. The aim of the present study is to reduce the annealing times in hot
deformation while improving the control of texture in production of plates and sheets. Two
obvious benefits of reductions in annealing times are increased process and energy efficiency.
Given the high volume of flat rolled aluminum products produced every year, shorter annealing
times mean faster turnaround and less energy used to maintain furnace temperature.
The main aim of the annealing treatment is to obtain a recrystallized microstructure. Re-
crystallization can be defined as the formation of strain-free grains in a previously deformed
matrix. It requires long range motion of grain boundaries to restore the mechanical state of an
undeformed condition. Although recrystallization is well understood as a process, very little
is known quantitatively about the influences of impurities and crystallography on the evolution
of recrystallized grains. The goal of the current study is to measure the kinetics of recrystal-
lization as a function of the crystallographic orientations of the grains. In a number of studies
on recrystallization kinetics and texture evolution in different aluminum alloys, the kinetics of
formation of recrystallized grains is found to be strongly dependent on processing conditions
(strain, strain rate and temperature) as well as the microstructure and texture of the deformed
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metal. The deformed grains of certain orientations, e.g. Brass, have been observed to be rel-
atively stable to annealing treatments, have large subgrain sizes and low stored energies and
therefore recrystallize at the final stages of annealing. Similarly deformed grains of other ori-
entations, e.g. S and Copper, are observed to have smaller subgrain sizes and larger stored
energies therefore resulting in more rapid recrystallization of these components. The nucle-
ation and growth of a recrystallized grain is strongly dependent on its spatial location in the
deformed microstructure. The ability to control the deformation texture evolution from the
processing parameters will help to determine the conditions for faster recrystallization of the
hot rolled metal.
An important aspect of the current study is to provide new information on data that can
be used in engineering models for process control. Data on texture evolution, nucleation of
recrystallized grains and variation in stored energies in deformed grains of different orientations
will help significantly in improving the current models of recrystallization.
The aluminum alloys used in the present study are commercial purity non-heat treatable
alloys 1050 and 5005. These alloys are used primarily for can closures and beverage can stock.
The kinetics of recrystallization after hot rolling were determined as a function of orientation.
The use of Electron Backscattered Diffraction (EBSD) in a Scanning Electron Microscope
(SEM) has lead to the emergence of Orientation Imaging Microscopy (OIM) which is an im-
portant tool for analyzing microstructural and textural evolution at relatively rapid rates without
tedious sample preparation. OIM was used extensively in this project. A technique for deter-
mining the fraction recrystallized in deformed and annealed samples was developed by using
the concept of Grain Orientation Spread (GOS). GOS represents an average orientation spread
within a grain. A comparison of recrystallization kinetics obtained from the GOS approach and
the microhardness variations revealed good agreement between the two methods. The GOS
approach has also provided the ability to partition OIM maps into deformed and recrystallized
grains and to analyze them independently for texture evolution and their growth and decay ki-
netics. The recrystallized grains were also analyzed for their deformed neighbors of different
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orientations. Variations in the neighborhood of recrystallized grains revealed the relative sta-
bility of deformed grains. Samples were also deformed in a specially designed machine at the
Alcoa Technical Center, known as a deformation simulator, to simulate the industrial rolling
process and also allow the control of process parameters (temperature, strain and strain rate).
An analysis of these samples will help to determine the stability of different orientations relative
to various processing conditions.
The results obtained from this study will help to improve our current understanding of the
process of recrystallization. Data from the experiments are expected to help in improving the
current mathematical models and provide an accurate prediction of microstructure and texture




Deformation and recrystallization processes form an integral part of thermomechanical
processing during the mechanical forming of aluminum alloys. The two processes are closely
related as the microstructural and textural evolution during recrystallization is strongly depen-
dent on the deformation parameters and processing conditions. The heterogeneities formed
during the deformation of metals act as nucleation sites for recrystallized grains. Disloca-
tion generation and rearrangement during deformation processes form the most important mi-
crostructural features of the deformation microstructure. Annealing of deformed metals gen-
erally results in growth of recrystallized grains, driven by the stored energy of deformation.
Since deformation takes place by slip on selected planes along specific directions, preferred
orientations are developed in the grains during deformation. The stored energy of these grains
is dependent primarily on the magnitude of slip and therefore indirectly on the orientation de-
veloped during deformation. The stored energy provides the driving force for recrystallization
and formation of new grains with low stored energies and, often, different texture from the
deformation texture.
This chapter reviews the current literature on deformation and recrystallization. The effect
of dislocation slip in polycrystalline metals on the storage of dislocations is examined first, fol-
lowed by the formation of dislocation structures in deformed metals. Deformation microstruc-
tures from cold and hot rolling processes are also compared. The kinetics of recrystallization
are reviewed along with microstructural and textural evolution during recrystallization. The
theories of recrystallization texture evolution are also reviewed briefly.
2.1 Deformed State
The industrial rolling of aluminum alloys is generally conducted in multistage schedules
of 10-15 passes, partly on reversing mills and partly on continuous mills with temperature
declining from 500oC to between 300oC and 250oC [13]. Microstructural evolution during
deformation is determined by the deformation parameters which includes strain, strain rate and
temperature of deformation. An important parameter along with the shape and size of deformed
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grains is their orientation. The orientations of deformed grains play an important role in the
nucleation and growth of recrystallized grains. The energy stored during deformation is also
determined by the orientation of grains to some extent. The basic mechanisms and structures
formed during deformation are discussed in this next section.
2.1.1 Microstructural evolution during deformation
Deformation of a metal changes its microstructure in several ways. The grains change their
shape from nearly equiaxed to an elongated shape and there is a significant increase in total
grain boundary area. New grain boundary area is created by incorporation of dislocations,
which are created continuously during deformation process. At the microscopic level, a sub-
structure appears within a grain. This substructure is also created by the dislocations generated
during the deformation process [6].
The main mechanisms of deformation in cubic metals are slip and twinning. The parame-
ter for deciding the actual choice of deformation mechanism is the value of the stacking fault
energy, γS FE. The stacking fault energy of aluminum is 166 mJm−2 [6]. This value is rela-
tively high therefore the main mechanism of deformation for aluminum alloys is dislocation
slip. Slip usually takes place on close packed planes and along closed packed directions. The
combination of close packed planes and directions form a slip system and the most common
observed slip system for fcc metals is {111} 〈110〉. As in a single crystal, the slip systems that
are activated in a grain depends on which planes experience the greatest resolved shear stress
and these planes are oriented differently in different grains in a polycrystalline aggregate. The
individual grains in an aggregate are however, not free to change their shape arbitrarily and are
subjected to constraints imposed by all of their neighbors, each of which deforms in a unique
manner. To first order, however, each grain deforms as the aggregate does. The contiguity of
the material must be maintained for the deformation to continue and thus different parts of a
particular grain may have different deformation processes. A deformation band can be defined
as a volume of constant orientation that is significantly different from the orientations present
elsewhere in a grain. A transition band is defined as the region of orientation change between
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various parts of a grain and it can have a finite width. A deformation band with parallel sides
and involving equal and opposite orientation change across the two boundaries is defined as a
kink band [6].
Dislocation structures and arrangements
The microstructure of metals deforming by slip typically comprises a three-dimensional
structure of regions of low dislocation density, bounded by walls of high dislocation density.
If the boundary is diffuse, consisting of a tangled array of dislocations, it is a cell structure.
If the boundary is sharp and consists of a well ordered dislocation array then it is more prop-
erly described as a subgrain structure. The earliest microstructures evolve with strain from
tangled dislocations, to structures consisting of cells and then subgrains [6]. In high-SFE poly-
crystalline metals, individual grains subdivide into volume elements (Cell Blocks) which can
deform by fewer slip systems than the five specified by the Taylor criterion for strain accom-
modation. The cell blocks in turn are divided into ordinary dislocation cells. The observed
behavior can be understood in terms of general theoretical principles applied to individual dis-
locations and their group behavior, which influences the selection and interaction of locally
different glide system combinations and the reduction of free dislocation energy, via the forma-
tion of low-energy dislocation structures (LEDS). “The increase in dislocation density during
straining is due to the mutual trapping of dislocations. The dislocation trapping implies mu-
tual stress-screening of the resolved shear stress components to the level of the frictional stress
among near-neighbor dislocations. Among the configurations accessible to the dislocations,
that particular dislocation microstructure forms which minimizes the energy per unit length
of dislocation line at least on a local basis. The relative level of stress screening of the other
stress components besides the resolved shear stress causes some LEDS to form in preference
to others. It is a general principle that in all dislocations structures the energy decreases with
increasing number of participating Burgers vectors since it permits effective stress screening”
[14].
The trapping of dislocations into LEDS often leads to the formation of two-dimensional
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dislocations arrays (i.e. walls). These dislocation arrays are generally favored over a quasi-
uniform three-dimensional distribution since for a given total dislocation density, the disloca-
tion spacing (and thereby the energy per unit length of dislocation line) is smaller in the arrays.
The dislocations cells are thus the very type of structure theoretically expected. Many pla-
nar arrays are geometrically possible but only a small fraction are free of long range stress as
required to be LEDS as indicated below:-
• Dipolar or multipolar walls in which parallel dislocation segments of the same type, but
with Burgers vectors of opposite sign, are equally frequent on a small scale.
• Dislocation rotation boundaries, across which the lattice rotation changes abruptly.
Deformation structures have been observed to shrink in scale as the applied stress is increased.
The refinement of a cell structure requires dissociation of dislocation walls or generation of
new dislocation walls within preexisting cells. The latter can occur via the formation and
subsequent splitting of dipolar and multipolar walls into two similar walls but with opposite
angle of rotations [14].
Effect of polycrystalline slip on Dislocation structures
Polycrystalline slip has been modeled by various researchers involving different constraints
on strain. According to the Taylor model, slip is uniform within each grain of a polycrystal
and strain compatibility is achieved by simultaneous operation of at least five slip systems.
Equivalently, five independent glide systems can accommodate any arbitrary strain. The Taylor
model accounts for texture development in a reasonably successful fashion in polycrystals.
At a microscopic level, however, the number of simultaneously acting glide systems is pre-
sumably the result of two competing effects. The flow stress is lower with fewer glide systems
because the number of intersecting dislocation jogs decreases. Alternatively, stress screening
becomes more effective as the number of different Burgers vectors increases. The number of
Burgers vectors increases with increasing glide systems. However, the individual contribution
to stress screening from an additional Burgers vector diminishes significantly when the total
7
number of Burgers vectors increases beyond three or four. Consequently, the number of glide
systems may fall short of the five systems expected on the basis of the Taylor model. The
number of active glide systems may be realistically estimated at three to four, even when the
imposed stress is entirely uniform. Independent of number of slip systems operating, strain
accommodation is required. Thus deformation of polycrystals with a reduced number of slip
systems can take place by volume elements of individual grains each characterized by a specific
selection of glide system. While each cell block will conform as well as possible to the Taylor
criterion, but because less than five systems cannot fulfill it, neighboring cell blocks must fulfill
it collectively [14].
According to Hughes et al. [14, 15] at the start of deformation, different slip system com-
binations are activated in different parts of any one grain through interaction among grains.
Heterogeneity of slip activity is apparent in the variations in slip line patterns. This break-up
of grains into differently oriented regions means that any individual location does not exactly
satisfy the Taylor condition. For grain sizes above a few microns, the regions that deform with
a particular selection of slip systems are initially much larger than the cell size, implying that
each cell block contains several dislocation cells. Since the deformation within a cell block
does not fully conform to Taylor’s criterion, the average orientations of neighboring cell blocks
diverge. As a result, the boundaries between cell blocks are both longer and associated with
larger average rotation angles than ordinary cell walls. These boundaries are termed “dense
dislocation walls” (DDW). The gradual lattice reorientation will differ among neighboring cell
blocks, and so the cell blocks will begin to interact in the same manner as did the initial grains.
As a result, new cell blocks will be required to accommodate strains that are formed by the
subdivision of initial cell blocks.
The new cell blocks are nucleated by splitting of existing DDW’s into two or more roughly
parallel walls. The result of this splitting is approximately parallel double or multiple DDW’s,
which appear as bands of morphologically distinct dislocation cells in TEM and are called
micro-bands (MB1’s). In the volume opened up between the edges of a split DDW, a different
selection of glide systems operates than on either side. The zone between the split parts is
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Figure 2.1: Schematic view of various microstructural features observed during deformation of
metals.[2]
therefore a new cell block that is bounded by new DDW’s that arise from the pre-existing
DDW. Another way of nucleating cell blocks is through the intersection of the cell structure
by glide on a previously dormant glide plane. The initiation of glide on an intersecting plane
requires jogging of a large fraction of dislocations threading the planes. The glide initiation on
this intersecting plane requires a slightly higher stress than further glide on a prior plane. These
also appear as bands and are called second generation micro-bands (MB2’s) owing to the fact
that they are formed at a latter stage than the previously formed micro-bands which are also
known as first generation micro-bands.
At large strains, the structure consists of individual subgrains that are formed as the rotation
angles across cell walls increase and cells become subgrains. The increase in strain leads to an
increase in dislocation density and since the rate of rotation increase across a DDW is slower at
large strains, this will cause the rotation across the ordinary dislocation walls to increase. Ulti-
mately cells within each cell block can no longer operate with the same glide system combina-
tion which leads to the formation of high average misorientation across the wall, thus forming
subgrains from the cells. The cell blocks become very flat and sandwiched by lamellar disloca-
tion boundaries that have replaced the small strain DDW and MB structures. In contrast to the
small strain blocks, the cell blocks at large strains are usually one to two cells deep and several
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along their length. The average misorientation between cells and subgrains is generally found
to increase with strain. An important feature, along with the mean subgrain misorientation,
is the presence of long range orientation gradients in deformed metals. Although the nearest
neighbor misorientations are generally low, there are often significant orientation gradients in
each grain which are different in the rolling and normal directions [16].
Formation of high angle boundaries during deformation
Cell boundaries that have low misorientation angles on average are classified as incidental
dislocation boundaries (IDB). DDWs, MBs, LBs and subgrain boundaries are classified as
geometrically necessary boundaries (GNBs) that separate differently deforming regions. Both
GNBs and IDBs increase their average misorientation angle and decrease their spacing with
increasing strain and stress. However, GNBs increase their misorientation angle and decrease
their spacing at a much higher rate than IDBs do. At medium to large strains, some part of
the population of the GNBs have increased their misorientation angle to the extent that they
are classified as high angle boundaries. Another important source of high angle boundaries
is texture evolution during the deformation process. Large crystal rotations occur as a part of
preferred crystallographic texture evolution, leading to rotation of different parts of a grain to
different end positions due to the grain subdivision by dislocation boundaries that start at the
beginning of deformation. The high angle boundary thus generated serves as an important site
for nucleation during recrystallization as it is able to migrate through deformed microstructure
causing the nucleus to grow. The driving force for the boundary migration is provided by
the stored energy of deformation. The driving force depends on various material parameters
including deformation and annealing parameters and also on the crystallographic orientation of
the deformed matrix [12].
Microstructural evolution during hot rolling in aluminum alloys
The plastic flow of crystalline metals requires the same motion of dislocations regardless
of temperature, although at high temperature, sliding and diffusion flow at grain boundaries
become significant as strain rate and grain size are reduced. The rolling temperature at different
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stages of processing affects the overall microstructural and textural evolution. Based on the
actual temperature being used during the rolling process, it can be divided into hot (above 0.6
of the melting temperature), warm (between 0.3 and 0.6 of the melting temperature) and cold
(below 0.3 of the melting temperature) rolled regimes [15]. A comparison between the hot and
cold worked states is given in Table 1 [13].
Hot Working (T > 0.6Tm, Al > 300oC) Cold Working (T < 0.3Tm, Al < 100oC)
Dislocation climb, cross slip, glides on addi-
tional slip systems.
Dislocation glide, limited cross slip, forms
microbands. Polygonized subgrains Elon-
gated cells
Substructure regenerated continuously Cell divided into blocks by microbands
Misorientation angle between subgrains re-
mains low
Misorientation angle between cell blocks be-
comes high
Static recovery and recrystallization between
stages
Static recovery and recrystallization in an-
nealing
Disorientation boundaries permanent, rather
narrow walls forming grain boundaries
Disorientation bands of many cellular layers
ultimately becomes grain boundary
Table 2.1: Comparison of hot worked and cold worked states
Dynamic recovery is found to be a dominant softening mechanism in hot rolled aluminum
alloys. The formation of deformation bands and development of disorientation walls between
different oriented regions are temperature independent. The degree of break-up is less at higher
temperature however, because additional straining mechanisms relax the Taylor constraints.
The constraints are reduced due to grain boundary sliding, migrations and vacancy flows. Con-
sequently, there are only two or three bands per grain per 100µm, much less than in cold work.
Dense dislocation walls, microbands, lamellar boundaries, equiaxed subgrains and cells are
also observed during hot deformation. The relative proportions of these different structures de-
pend on the temperature, strain rate, stacking fault energy and friction stress. Microstructural
evolution during hot rolling of commercial purity aluminum (1050) also produces features ob-
served for cold rolled microstructures with DDW’s and MB’s outlining cell blocks as shown
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in Fig. 2.2. However, regions containing primarily equiaxed cells and subgrains are more
frequently observed at high temperature than following room temperature deformation. An
increase in temperature further increases the proportion of equiaxed cells and subgrains [14].
The temperature of deformation has a significant effect on the microstructural evolution dur-
ing hot deformation. In a series of hot deformation experiments conducted on AA1050, the
microstructures obtained had very different characteristics. A high temperature deformation
(500oC) leads to formation of Grain Boundary Serrations (GBS), whereas for deformation at
lower temperature (350oC) in-grain inclined lines (IIL) were observed. The inclined lines were
oriented 35o to the RD. The formation of GBS and IIL is shown in Fig. 2.3 [3].
Figure 2.2: DDWs and cell block walls observed in commercial purity aluminum alloy
(AA1050) hot rolled to 50% reduction at 573K [3].
2.1.2 Stored Energy
The work expended in deforming a metal is released mainly as heat and only a very small
amount ( 1%) remains as stored energy [6]. This stored energy provides the source of all the
property changes that are typical of deformed metals and is mainly derived from dislocations
generated during deformation with only a small contribution from point defects. The mobil-
ity of interstitials and vacancies is very high and except for the special cases of deformation
at very low temperatures, the contribution of point defects to the stored energy is not signifi-
cant. Deformation at ambient temperatures usually involves energy stored due to accumulation
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Figure 2.3: Microstructural evolution during hot working (a) Low temperature deformation
(350oC) causes IIL formation (b) High temperature deformation (500oC) leads to GBS forma-
tion [3].
of dislocations. The increase in dislocation density is due to the continued trapping of newly
created mobile dislocations by existing dislocations and their incorporation into the existing
dislocation structure. The new grain boundary area created due the shape change of grains un-
dergoing deformation also involves incorporation of dislocations generated during deformation.
The energy associated with increase in area represents a significant part of stored energy and is
greater for small grain sizes and large strains. The appearance of internal structure within grains
involves creation of boundaries which are also generated from the newly created dislocations.
The stored energy of deformation is the main driving force for the restoration mechanisms
(recovery and recrystallization) occurring during the annealing of deformed metals. A typi-
cal lightly deformed metal has a stored energy of about 105Jm−3 which is small compared to
other transformation energies such as the heat of fusion and phase transformations. This small
amount of stored energy is the source of all the strengthening that occurs during deformation.
The stored energy of deformation is usually measured directly by calorimetry or indirectly
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from the change in some physical or mechanical property of materials such as X-ray line broad-
ening. The calorimetric observations involve measurement of heat flux emitted by a specimen
during heating with reference to a standard whereas the X-ray line broadening technique in-
volves the measurement of inhomogeneous lattice strain energy.
The stored energy of deformation due to the dislocations can be obtained from the energy
per unit length of a dislocation multiplied by the density. The energy per unit length of a







Here, R is the upper cut-off radius (usually taken to be the separation of dislocations (ρ−1/2),
Ro is the inner cut-off radius (usually taken as between b and 5b),
f(v) is a function of Poisson’s ratio (v), which, for an average population of edge and screw
dislocations is 1−v/21−v .
The stored energy for a dislocation density is thus
ED = ρEDis (2.2)
The energies of the dislocations present in real materials are not wholly represented by such
simple considerations as the above expression is appropriate only if the dislocations are
arranged in such ways that stress fields of other dislocations are screened. In most cases it
is appropriate to say that the approximate dislocation energy can be represented as
EDis = cGb2 (2.3)
where c ≈ 0.5, and the stored energy can be represented as
ED = cρGb2 (2.4)
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The energy stored in the substructure can be estimated from the subgrain diameter (δ) and
specific energy (γ) of the low angle grain boundaries which comprise the subgrain walls. The






The above expression can also be expressed in form of the boundary misorientation angle (θ),
which can be measured experimentally. The stored energy is therefore
ES =






Here, γo = Gb4pi(1−v) , A = 1 + ln
b
2piro , ro is radius of the dislocation core usually taken as being
between b and 5b.
The total stored energy can be computed from the individual contributions from dislocation
energy and substructure energy as
ET = ED + ES (2.7)
It has been found experimentally that both cell/subgrain size and the misorientation are depen-
dent on the grain orientation and therefore the stored energy can be expected to vary in different
texture components of the material [6]. The differences in stored energy of deformation have
important effects on the nucleation and growth of recrystallized grains. The rate of nucleation
and growth of recrystallization nuclei will be enhanced in components with the highest stored
energy. Similarly a component with lower energy that is situated adjacent to a component
with higher energy will be likely to create a recrystallization nucleus. The nucleation of cube
recrystallized grains occurs from deformed cube bands that have a large subgrain size and a
correspondingly lower energy. The nucleation from cube bands has further been found to be
promoted when the bands have an S component as a neighbor, which could be ascribed to
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higher stored energy of S deformed grains [8, 17].
Stored energy analysis of different aluminum alloys has shown higher stored energy for S
deformed grains by an amount of 10-30% relative to the average stored energy and lower stored
energy for Brass grains by up to an amount of 25% relative to the average stored energy. The
subgrain sizes and sub-boundary misorientations were obtained using TEM and SEM analysis.
The internal dislocation content was however, obtained from TEM only and the contribution
of the internal dislocations to the total stored energy can be neglected for the hot deformed
samples [8, 18, 19].
2.1.3 Texture evolution during deformation
The orientation changes that take place during deformation are not random. They are a
consequence of the fact the deformation occurs on the most favorably oriented slip systems
and deformed metal therefore acquires a preferred orientation (texture). The texture evolu-
tion during deformation affects the nucleation behavior of recrystallizing metal as nucleation
occurs preferentially in association with specific regions of particular orientation. Texture is
usually characterized by the Orientation Distribution Function (ODF) which describes the ori-
entations in the aggregate. The orientations in an ODF are typically parameterized in terms
of three Euler angles (φ1,Φ, φ2). Several different notations have been used to define these
angles, but that of Bunge is most common and will be used here. For rolled fcc materials the
data are normally shown as a series of slices taken through the three dimensional ODF space at
φ2 = 0, 5, 10 . . . 90o as indicated in the figure below. Texture evolution during deformation and
recrystallization is dramatic in the sense that a strong deformation texture is replaced by an en-
tirely different recrystallization texture. Recrystallization textures are insensitive to annealing
conditions but have a very strong sensitivity to the prior plastic deformation. This indicates that
the entire recrystallization process is latent in the deformed state. An increase in deformation
temperature results in greater homogeneity in microstructure therefore leading to strengthening
and sharpening of texture after hot deformation as compared to cold deformation. The textures
of rolled fcc metals can be represented by a continuous tube of orientations that runs from {110}
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Figure 2.4: Important fibers found in fcc rolling textures [4]
〈112〉 (Brass) at φ1 = 35o, Φ = 45o and φ2 = 90o through {123} 〈634〉 (S) at φ1 = 59o, Φ = 37o
and φ2 = 63o to {112} 〈111〉 (Copper) at φ1 = 90o, Φ = 35o and φ2 = 45o. The axis of the tube is
called the β fiber and texture data is often reported only in the form of orientation density along
this fiber. While the β-fiber represents the characteristic features of the textures at medium and
high degrees, low degrees of rolling are associated with the presence of the α-fiber which runs
from the Goss orientation {011}〈100〉 to the Brass orientation {011}〈112〉 [4]. Fig. 2.4 shows
the location of different fibers observed for fcc rolling. The relative intensities of different tex-
ture components along the beta fiber are strongly influenced by deformation conditions as well
as the initial texture of the undeformed polycrystalline aggregate.
The textures obtained after rolling also depend strongly on the starting texture as shown in
Fig. 2.5. Although the same texture components are obtained, their intensities vary consid-
erably with the starting texture. A Plane Strain Compression (PSC) test carried out for com-
mercial purity aluminum alloy revealed that, while deformation of a randomly textured sample
results in a copper texture, the cube texture material evolved into a strong near-Brass texture
[20]. Alloys with solid solution forming elements deform like pure metals and develop similar
textures at low reductions. An increase in deformation causes the Brass and Goss components
to increase. The presence of shearable particles causes an increase in the formation of shear
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Figure 2.5: Effect of different starting textures on deformation texture evolution [4]
bands and leads to a pronounced reduction in the texture sharpness [4]. Non-shearable particles
cause extensive pile-ups of dislocations, leading to the formation of deformation zones around
the particles. A large number of the deformation zones give rise to a general weakening of
the rolling texture. An interesting variation is obtained at intermediate size particles, where a
strong rolling texture similar to a pure metal, is obtained. This is caused by a reduction in the
mean free path of the dislocations leading to homogenization of deformation and enhancement
of texture formation [4].
Adding Mg to Al-alloys is known to affect the development of rolling texture. It strongly
suppresses the development of β-fiber texture components. The {111} pole figures shown in
Fig. 2.6 illustrate this effect of Mg addition on rolling texture evolution. A detailed texture
analysis has revealed the following variations. For low Mg content (〈3%),the S component
decreases much more rapidly than other main components of rolling texture with increasing
Mg content. With increasing Mg content (between 3-5%), the Brass component increases at
the expense of the Copper component. High Mg content (〉5%) suppresses the development of
all the main components equally and a weaker rolling texture is obtained [5, 21, 22, 23].
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Figure 2.6: {111} pole figures for different Al-Mg alloys. An increase in Mg-content leads to
reduction in the deformation texture strength [5].
The cube grains that are present in the microstructure prior to deformation play an im-
portant role in the texture evolution of recrystallized metal. They remain metastable during
hot deformation. During deformation the old cube grains are flattened into bands. The bands
are typically 2µm wide and extend for several microns along the rolling direction [24]. The
subgrains within the cube bands have a size advantage compared with the subgrains of other
orientations. This makes cube bands very potent nucleation sites. The strength of cube texture
upon recrystallization is found to be enhanced by a high initial cube fraction (large amount
of cube bands), a low Zener-Hollomon parameter (higher stability of the cube grains during
deformation) and a high strain (large surface area of cube bands) [25].
Microtexture measurements on hot plane strain compressed aluminum crystals clearly in-
dicated that subgrain sizes vary in the various deformation components in the order Brass >
Copper > S [8]. The cube subgrains are found to have a large size advantage in hot worked
polycrystals. The earlier papers on rolled copper have shown that the first S oriented grains to
disappear are those adjacent to cube bands. Calculations of stored energies from the subgrain
sizes and misorientation angles indicate that the stored energy in deformed cube grains is nearly
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half of that of S grains so that there is significant driving force for cube to grow into S [8].
2.2 Annealing of deformed metals
The mechanical properties and behavior of a metal depend, to a large extent, on the dislo-
cation content and their arrangements. The typical dislocation content in the annealed state is
(1011m−2) which increases significantly during deformation (1016m−2). The increase in dislo-
cation content is the main reason for the high yield strength and lower ductility of a deformed
metal. However, annealing of a deformed metal at a temperature above about Tm/3 leads to
a significant dislocation loss and rearrangement, as manifested by a decrease in strength and
increase in ductility. The deformation energy stored in the material in the form of dislocations
is released in three main processes of recovery, recrystallization and grain growth. For metal-
lic alloys based on copper, nickel and aluminum, which do not undergo a phase change on
cooling, recrystallization after deformation is the only method for producing a completely new
grain structure with modified grain size, shape and texture. Recrystallization can be defined as
the formation of a new grain structure in a deformed material by the formation and migration
of high angle boundaries driven by the stored energy of deformation. Recovery usually refers
to all annealing processes occurring in deformed materials that occur without the long range
migration of high angle boundaries. Recovery typically involves rearrangement of dislocations
to lower their energy. Grain growth is defined as processes involving the migration of grain
boundaries when the driving force for migration is solely the reduction of the grain boundary
area itself [6].
The structural transformations such as recovery, recrystallization and grain growth can be
classified into two different types, as originally recognized by Gibbs, in a manner similar to
phase transformation. “In first of these, Gibbs I, typically called ’nucleation and growth’, the
transformation is extensive in the magnitude of the structural change but is initially spatially
localized with a sharp interface between the old and new structures. The second type of trans-
formation, Gibbs II, often described as ’continuous’ or ’homogeneous’, the transformation is
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initially small in magnitude of the structural change, but it occurs throughout the parent struc-
ture” [2]. In the range of processes seen on annealing plastically deformed materials, both
dislocation recovery, that takes place before and during recrystallization and also normal grain
growth are clearly Gibbs II transformations which occur uniformly throughout the sample while
recrystallization and abnormal grain growth are Gibbs I transformations. The newly recrystal-
lized grain or the abnormally large grains are seen to be growing into a prior structure with a
sharp interface between transformed and untransformed regions. The usual name of ’nucle-
ation and growth’ for Gibbs I transformation is based on the two apparently distinct steps of
the initial formation of new grains and their growth, as applied to recrystallization [2].
2.2.1 Recovery
The term recovery refers to changes in the properties of a deformed material which occur
prior to recrystallization. These changes are such as to partially restore the properties to their
values before deformation. Recovery is primarily due to changes in the dislocation structure
of the material. The dislocation recovery process involves a series of micromechanisms whose
rate depend on a number of parameters, including the material, purity, strain, deformation
temperature and annealing temperature. When the recovery of dislocations occurs during the
deformation, it is termed dynamic recovery. The typical changes associated with dislocation
rearrangement and structures that can be attributed to the recovery process are shown in Fig.
2.7. The driving force for recovery as well as recrystallization is the dislocation energy stored
during deformation and the two processes often compete during the thermomechanical process-
ing of material. The extent of recovery depends on the ease with which recrystallization can
occur, as after the onset of recrystallization when the deformation microstructure is consumed
no further recovery will occur. Conversely if a significant amount of recovery has occurred,
the driving force for recrystallization is reduced and the nature and kinetics of recrystallization
are influenced. In this work, however, we present some evidence that recovery can infact occur
concurrently with recrystallization.
The measurement of the extent of recovery in deformed metals is usually directly observed
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Figure 2.7: Various stages of recovery of plastically deformed material [6]
by calorimetry. The indirect measurement of recovery involves measurements of properties
such as electrical resistivity and hardness. Since the microstructural changes associated with
recovery are small, the direct as well as indirect measurements of recovery will lead to signif-
icantly lower values of stored energy as compared to recrystallization. A logarithmic decay in
mechanical properties is usually observed for dislocation recovery. An increase in the strain
of a material is found to increase the fraction of the property change associated with recovery
during annealing at a constant temperature. A similar trend is also obtained with an increase in
deformation temperature, where more recovery is found for high temperature deformation be-
cause of the increased mobility of dislocations. The material’s stacking fault energy is another
important parameter determining the extent of recovery in deformed microstructure. Metals
with low stacking fault energy like copper, α-brass and austenitic stainless steel show little re-
covery of dislocation structures due to reduced climb and cross slip. Metals such as aluminum
and α-iron, which have high γS FE, show a significant amount of recovery. The amount of solute
content in an alloy also determines the extent of dislocation recovery by affecting the stacking
fault energy values or by pinning of dislocations. Addition of magnesium to aluminum for
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example is known to pin dislocations and therefore retard dynamic recovery. This will lead to
an increase in stored energy and rapid recovery occurs during annealing of deformed samples.
The two primary processes of reducing the stored energy during recovery are annihilation
of dislocations and the rearrangement of dislocations into low energy configurations. These
processes are achieved by glide, climb and cross-slip of dislocations. The annihilation of dis-
locations takes place by movement of dislocations of opposite Burgers vectors and canceling
each other. The rearrangement of dislocations can take place via subgrain formation. The for-
mation of low angle tilt boundaries from alignment of dislocations of similar Burgers vectors
is an example of a polygonization mechanism. The energy per dislocation decreases with in-
creasing the misorientation across a tilt boundary. Therefore there is a driving force to form
highly misoriented boundaries as recovery proceeds. Subgrain formation from tangles of dis-
locations in the cell structure during annealing involves annihilation of redundant dislocations
and rearrangement of others into low angle grain boundaries. Dynamic recovery during hot
deformation has been observed to occur to such an extent that the dislocations are already in
the form of a well developed subgrain structure after deformation and post-deformation recov-
ery involves mainly a coarsening of the subgrains. The main factors that tend to promote the
formation of a subgrain structure during deformation are high stacking fault energy, low solute
content, large strain and high temperature of deformation. A further reduction in stored energy
can be obtained by subgrain coarsening. The driving force for subgrain coarsening arises from
the boundary energy and any reduction in subgrain boundary area will lead to a reduction in
stored energy [6].
2.2.2 Recrystallization
Recrystallization involves the formation of strain-free grains in certain parts of the speci-
men, and the subsequent growth of these to consume the deformed and recovered microstruc-
ture. The microstructure at any stage can be partitioned into deformed and recrystallized re-
gions which can be quantified by the fraction recrystallized. Recrystallization of deformed
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microstructures is often called primary recrystallization to distinguish it from processes of ex-
aggerated grain growth which may occur in fully recrystallized materials and which are some-
times called secondary recrystallization or abnormal grain growth. As stated previously, re-
crystallization usually involves nucleation of new grains and their subsequent growth. A re-
crystallized grain is usually distinguished from a deformed grain by the low internal energy
indicated by the absence of any internal dislocation substructure and is surrounded by a high
angle boundary [2].
Recrystallized grains grow by migration of high angle boundaries. The driving force for mi-
gration is the stored energy of deformation, which can be expressed in terms of the dislocation
density, ρ, as
ED = αρGb2 (2.8)
where α is a constant of order 0.5. The driving force for primary recrystallization of a typical
metal is of the order of 1MPa. An opposing force also exists on the boundary at small sizes,
due to boundary specific energy γb, which will reduce the boundary area and thereby lowering






where R is the radius of growing spherical nucleus. For the driving force discussed above, the
curvature driven retarding force is significant for nuclei of size less than 1µm. Below this grain
size there would be a negative net driving force for recrystallization [2].
Factors affecting the rate of recrystallization
Recrystallization of a deformed metal is affected by a number of parameters including the
nature of the deformed structure, grain orientation, concentration of solutes, temperature and
strain rate of deformation and annealing conditions.
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The stored energy of deformation and microstructural heterogeneities are increased by the
amount of strain in a material. Also recrystallization does not occur until a minimum amount
of strain has accumulated, indicating that a minimum stored energy is required. Thus the
deformation mode and strain path have a significant effect on recrystallization behavior of the
material. Texture evolution of a grain during deformation is determined by the active slip
systems and the initial orientation of the grain. Therefore the stored energy of a deformed
grain is strongly dependent on its orientation. This directly affects the driving force for both
nucleation and growth in recrystallization. Variation in texture obtained after hot rolling and
annealing of aluminum alloys lead to different recrystallization kinetics when the material is
subsequently cold rolled and annealed [6]. The same variability and underlying causes apply
to all materials
Fine grained materials are found to recrystallize more rapidly than the coarse grained ma-
terials. Stored energy increases with reduction in grain size. Also, the number (density) of
nucleation sites available at grain boundaries increases as the grain size decreases because
grain boundary nucleation is important in the nucleation of recrystallized grains.
Solute atoms are found to have a significant effect on the recrystallization behavior of met-
als by varying the stored energy via dislocation interaction. The mobility of high angle grain
boundaries is also reduced by solute drag thus decreasing the growth rates of recrystallizing
grains. The stored energy of deformation varies with temperature and strain rate. As the tem-
perature is increased, microstructural heterogeneity decreases therefore reducing the stored
energy. Similarly, increasing strain rate also increases stored energy thereby reducing the re-
crystallization temperature [6].
Kinetics of Recrystallization
The kinetic aspects of the nucleation and growth phenomena during recrystallization are
similar to those observed in typical Gibbs I phase transformations. Although the similarities are
confined to the microstructural level, a similar transformation kinetics treatment can be applied
for recrystallization as for phase transformations. The fraction recrystallized can be measured
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directly from microstructural observations or indirectly by means of different physical proper-
ties of deformed and recrystallized regions e.g. microhardness and electrical resistivity. The
main models typically used for analysis of recrystallization kinetics are:-
1. Johnson Mehl Avrami Kolmogorov (JMAK) model
According to this model, the fraction of recrystallized material appearing after a given
annealing time is related to annealing time as
XV = 1 − exp [−(kt)n] (2.10)
The above expression can be derived by considering the nucleation rate ( ˙N), the growth
rate of a recrystallized grain growing into the deformed matrix ( ˙G) and the volume frac-
tion recrystallized (Xv). The total number of nuclei appearing in time interval is given
by
d ˙N = ˙Ndt = dN + ˙NXVdt (2.11)
The above expression includes the contribution from newly emerging nuclei dN as well
as nuclei assumed to form in the regions already recrystallized . The fraction of material





















In a time interval dt the extended volume is increased by dXVEX and is related to the
actual incremental fraction recrystallized dXV as
dXV = (1 − XV)dXVex (2.16)
This on integration leads to
XV = 1 − exp (−XVEX) (2.17)
XV = 1 − exp(−pi3
˙N ˙G3t4) (2.18)
XV = 1 − exp(−kt4) (2.19)
The exponent n in above equation is referred as the Avrami or JMAK exponent and is
closely related to the growth morphology of the recrystallized grains. In the ideal case of
three-dimensional growth and constant nucleation rate the exponent value is 4. However,
in case of site saturation, when all the nuclei are formed at time t = 0, the extended volume
is given by XVEX = 4pi3 N( ˙Gt)3, where N is total number of nuclei, and the exponent value
is found to be 3 [6].
The important assumptions for the JMAK model include random distribution of nucle-
ation sites and uniform growth of recrystallizing grains in three dimensions. However, if
the grains are constrained by sample geometry or some internal constraints to grow only
in one or two dimensions, then the JMAK exponent is lower than 3. An important insight
is obtained from recent results obtained from recrystallization simulations. The variation
in JMAK exponents with annealing temperature is found to be strongly affected by the
distribution of stored energy. A low value of the JMAK exponent can be the result of
27
an inhomogeneous distribution of stored energy at low annealing temperatures. JMAK
exponents are found to approach ideal values at high annealing temperatures when the
inhomogeneous distribution in stored energy is minimal [25]. The effect of different
nucleation and growth conditions on different n values is given in Table 2.2.
Conditions N
Increasing nucleation rate > 4
Constant nucleation rate 4
Decreasing nucleation rate 3-4
Site saturation (Zero nucleation rate) 3
Grain edge nucleation after saturation 2
Grain boundary nucleation after saturation 1
Table 2.2: Values of n in kinetics law XV = 1 − exp [−(kt)n]. [1]
The analysis of recrystallization kinetics by the JMAK method is usually carried out
by plotting ln(ln( 11−XV )) against ln(t). This plot is known as a JMAK plot. The slope
of a linear regression fit of the data points yields the JMAK exponent n, whereas the
intercept can be used to determine the temperature dependent coefficient k. An important
conclusion obtained from recrystallization kinetics analysis of different materials using
the JMAK method is that either the JMAK plot is not linear or the exponent is much
less than 3, or both. It is therefore concluded that JMAK analysis is often too simple
to quantitatively model a complex process like recrystallization. More parameters are
needed to describe the changes in microstructure to derive quantities like nucleation and
growth rates and the behavior of nucleation and growth processes [6]. The activation
energy for recrystallization can be obtained by analyzing the temperature dependency
of the parameter k. Typical values obtained for activation energy of recrystallization in
aluminun are in the range 200-240 kJ/mol [26, 27].
2. Microstructural path methodology
The main difference between this approach and the JMAK model is that a more realistic
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and more powerful model is obtained by using additional microstructural parameters in
the analysis. In addition to volume fraction recrystallized (XV), the other important quan-
tities used in microstructural path modeling are the interfacial area density separating the
new recrystallized grains from the as-yet deformed matrix (S V) and the mean recrystal-
lized grain chord length 〈λ〉 . A quantity similar to extended volume fraction (XVEX) can





The assumptions of random spatial distribution of nuclei and growth rates being global
rather than local are common to the two approaches and equivalent to an assumption
of homogeneous behavior in the material [6]. The kinetics of recrystallization for com-
mercial purity aluminum alloys 1050 as modeled by microstructural path modeling has
indicated recrystallization to be growth controlled for hot as well as cold deformed mi-
crostructures. Recrystallization is found to be site-saturated and the recrystallized grains
sizes are 3-4 time large after hot deformation than after cold deformation to a similar
strain [28, 29].
Nucleation of recrystallization
The nucleation and growth aspects of the recrystallization process are similar to those ob-
served during phase transformations. However, the level of similarity is restricted to the mi-
crostructural level only. The thermal fluctuation model has been used for a long time for kinetic
studies of solidification and solid state phase transformations. A critical sized nucleus in this
model is usually obtained from random thermal fluctuations. The size of this nucleus is ob-
tained from an energy balance between the reduction in energy due to formation of a stable
phase and the amount of energy needed to form the surface of a critical sized nucleus. The ma-
jor problem for the study of recrystallization with the thermal fluctuation model is that, given
the typical low values of stored energy of deformation and high energy for a high angle grain
boundary, the energy barrier for recrystallization is so large that new grains cannot form by this
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mechanism even at high enough temperatures T > 0.5Tm where grains do indeed nucleate and
grow.
An alternative mechanism of nucleation of recrystallized grains during annealing of de-
formed metals was proposed by Cahn. According to this model, new recrystallized grains are
formed from recovered subgrains and cells that are already present in the deformed microstruc-
ture. An important consequence of this idea is that the orientation of each new grain arises from
the orientations present in the deformed state. In the deformed state, even though there is a very
high defect density, the equilibrium crystal structure is still present everywhere. A typical sub-
grain size in deformed polycrystalline aluminum is 1µm however; the recrystallized grain size
after primary recrystallization can evolve to a grain size as large as 100µm. An increase in
diameter of 100 indicates a volume increase from subgrain embryo to the final recrystallized
grain of about 106. This estimate indicates that only one subgrain in a million becomes a suc-
cessful recrystallized nucleus. The main reason for this low probability is the low mobility
that most subgrain boundaries have because of their small misorientation. Only subgrains with
a high misorientation angle to the adjacent deformed material have the necessary mobility to
evolve into new recrystallized grains.
Typical nucleation sites, all of which have high local misorientation, include:-
1. Pre-existing high angle grain boundaries - Grain boundaries give rise to inhomogeneity
of slip such that different combinations of slip systems will operate near a grain boundary,
thereby giving rise to high local misorientations.
2. Transition bands - Transition bands represent regions of large orientation gradients, sep-
arating regions of different orientations within a grain. These are therefore an ideal site
for recrystallization. The crystallographic orientations developed in transition bands are
a direct consequence of the slip processes and local strain heterogeneities.
3. Shear bands - Shear bands are thin regions of highly strained material typically oriented at
about 35o to the rolling plane. They are formed due to strain heterogeneity and instability
during rolling. High local misorientations between adjacent regions provide adequate
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boundary mobility for subgrains to grow.
4. In the highly misoriented regions around large particles.
The existence of a high angle boundary is observed to be a necessary but not sufficient criterion
for a subgrain to become a successful nucleus. The subgrain must usually have a larger size than
the average to be able to grow in order and form a successful nucleus. Thus the combination
of high local misorientation requirement and a size advantage makes the nucleation process
rare [2]. A size advantage for a subgrain present in the deformed matrix can occur by the
mechanisms of Strain Induced Boundary Migration (SIBM) and subgrain coalescence. SIBM
involves bulging of part of a pre-existing grain boundary, leaving a dislocation free region
behind the migrating boundary. The characteristic features are that the new grains have a similar
orientation to the old grains from which they have grown. The mechanism is found to be
dominant only at low strains in aluminum.
The coalescence of several subgrains on one side of a grain boundary has been observed
to yield a subgrain large enough to grow rapidly into an adjacent grain. The formation of a
single subgrain takes place through rotation by diffusional boundary processes until adjacent
subgrains are of similar orientation. The driving force for coalescence is provided by reduction
in total boundary energy [6].
Migration of high angle boundaries
Grain boundaries play a key role in the recrystallization process both in nucleation where
prior grain boundaries and deformation induced boundaries can provide nucleation sites, and
also during growth where grain boundary migration is the essential feature. A viable nucleus
is surrounded, at least partly, by a high angle boundary which is able to migrate through the
deformed microstructure causing the nucleus to grow. The driving force for migration of high
angle grain boundaries is provided by the stored energy of deformation. The velocity of migra-
tion is the product of mobility M and driving force ∆ f :
v = M∆ f (2.21)
31
The mobility, the driving force and, therefore the velocity of migration depend on deformation
as well as annealing parameters [2]. During the growth of a nucleus in a subdivided deformed
matrix, the boundary will constantly meet new types of deformation microstructures and new
crystallographic orientations. Its growth rate will therefore change continuously. Even nearby
segments of a boundary may experience quite different growth conditions because of small
scale variations in the deformed matrix. The recrystallizing grain will therefore not have a
constant driving force along its perimeter. The mobility of a grain boundary also depends on
the misorientation between the neighboring regions. Low angle grain boundaries are found
to be much less mobile than high angle grain boundaries as low angle grain boundary motion
involves a coordinated climb of the dislocation arrays. A grain growing into deformed matrix
during recrystallization encounters regions with varying misorientation with respect to its own
orientation. A phenomenon known as orientation pinning is observed when a migrating seg-
ment of a growing recrystallized grain impinges on a deformed volume element of the same or
nearly same orientation and forms a low angle boundary [12].
The analysis of boundary migration rates has been carried out for different texture compo-
nents. The cube component in deformed aluminum has been observed to have a slight growth
advantage compared to other orientations. This growth advantage allows the cube component
to persist throughout recrystallization, starting from a relatively weak initial texture. In a de-
formed material there are a number of different texture components that can be prevalent. An
emerging nucleus of a weak texture component will encounter less orientation pinning than
those emerging from the stronger components. This provides a growth advantage for the cube
recrystallized grains [30]. The solute atoms present in a material have a significant effect on
boundary mobility. The mobility of grain boundaries decreases with increasing solute concen-
tration. The boundary mobility is then controlled by the rate of diffusion of the impurity atoms.
At very low solute concentrations, the boundary mobility is little affected by solute atoms and
the boundary can break away from the solute atmosphere if the driving force is high enough
[6].
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Texture evolution during recrystallization
Texture evolution during recrystallization of deformed metals is an important phenomenon.
The texture of the (recrystallized) grains is largely responsible for the directionality of prop-
erties observed in many finished products. The development of recrystallization texture is
dependent on a large number of parameters including the dependence of nucleation rate on
inhomogeneities and orientation environment, and on the nature, energy and mobility of the
boundaries between grains of various orientations. The evolution of a strong recrystallization
texture from a deformation texture, which is often unlike the deformation texture, points to
the fact that recrystallization can be considered to be a nucleation and growth process; new
grains with new orientations grow into the deformed matrix, thereby eliminating the stored
work of plastic deformation. An important observation from the vast experimental data on re-
crystallization texture evolution is the absence of sensitivity of texture evolution to annealing
conditions and a strong dependence on prior deformation texture [2]. Texture evolution during
recrystallization in fcc metals often involves a substantial increase in the cube component {001}
〈100〉. The evolution of the cube component during recrystallization is significant for changes
in anisotropic behavior during forming operations. The presence of a cube texture can balance
the deformation texture in cold rolled sheet, thereby decreasing the anisotropy in forming [31].
The main theories of texture evolution during recrystallization are those of oriented nucle-
ation (ON) and oriented growth (OG) [2]. The underlying principles of these theories are that
the strength of the recrystallization texture is determined primarily by either the preferential nu-
cleation of some selectively oriented grains or by preferential growth of these grains [32]. The
ON mechanism of texture evolution has been found for a large number of examples for bcc and
fcc metals. The formation of a deformation band with a particular orientation leads to evolution
of nuclei of nearly the same orientation. The OG mechanism is based on the rapid migration
rates of certain specific high angle boundaries during the growth of recrystallized grains e.g. the
40o〈111〉 boundary between the cube component in recrystallized regions and the S component
in deformed regions. The high mobility of these boundaries allows cube recrystallized grains to
grow rapidly compared to all other grains and to promote a dominant cube texture. The overall
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recrystallization texture evolution however, is found to have significant contributions from the
range of orientations available and the subsequent growth advantage enjoyed by any grain. It
is now recognized that any recrystallization nucleus in a heavily deformed polycrystal is sur-
rounded by a wide spread of orientations and these surroundings will change during growth
[6].
Texture evolution during annealing of hot deformed samples is strongly influenced by the
starting texture of the material. Of particular significance is the volume fraction of the cube
component in the prior microstructure. The cube component is metastable during deformation
and the strength of all its variants (e.g. RD and TD rotated cube) decreases with increases in
the level of strain [33, 34]. Analysis of samples deformed in plane strain compression with
different starting cube textures, indicate its importance in the texture evolution after recrystal-
lization. The presence of cube oriented matrix after deformation is highly correlated with high
cube fractions after annealing. The stability of cube grains is found to increase with rotations
away from the exact orientation. The rate of decline is highest for the non-rotated samples as
compared to the rotated ones. The effect of temperature and strain rate on the evolution of
deformed cube grains can be correlated with the variation with Zener-Hollomon (Z) parame-
ter. A lower volume fraction of deformed cube grains is obtained for the high Z values (low
temperature-high strain rate) as compared to low Z values (high temperature-low strain rate).
The sample orientation makes little contribution to the volume fraction of deformed cube grains
[34].
The evolution of the cube component is strengthened by high rolling reductions and high
annealing temperatures. The presence of magnesium in aluminum alloys is found to have a
detrimental effect on cube texture evolution. Addition of magnesium, in the form of solid
solutions is found to increase the strength of the alloy and promotes the formation of shear
bands. Recrystallization at shear bands is known to reduce the strength of the cube component
due to nucleation of components other than cube at the shear bands.
The presence of small amounts of iron and silicon in commercial purity aluminum alloys
results in the formation of second phase particles, called constituent particles. Recrystallization
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texture evolution involves a significant contribution from these particles to particle stimulated
nucleation (PSN) [6] especially in cold rolling. The presence of second phase particles is known
to affect recrystallization by the formation of highly misoriented zones near the particles during
deformation especially during cold rolling. These particles act as preferred nucleation sites for
recrystallization and lead to the formation of nuclei of various orientations. The texture strength
due to PSN is inversely related to amount of strain in deformation. Small strains will result in
formation of a fewer orientations during deformation. Since the recrystallized grain orientation
is a direct consequence of the deformation orientation, the recrystallization texture in this case
is quite sharp. In case of medium to large strain deformations, highly misoriented regions
form and the deformation zones have a large number of orientations present. This weakens the
recrystallization texture.
Small second phase particles in a fine dispersion are also known to reduce the mobility
of high angle grain boundaries, thereby affecting recrystallization kinetics, and grain size and
texture evolution. Small particles pin grain boundaries and a recrystallization texture similar to
deformed texture is observed in bcc and fcc metals [6]. The commercial purity aluminum alloys
(AA 1XXX series) contain iron and silicon among other elements, which are know to have an
effect on recrystallization kinetics and texture evolution. Small amounts of iron may change
the annealing texture from almost pure cube to a strong retained rolling texture. In aluminum
alloys with low iron concentrations, the cube component dominates, however, an increase in
iron content can lead to precipitation on the recrystallization front. The consequent solute drag
and precipitation leads to slower growth of the dominant cube grains and allow the rolling
components to develop, thereby reducing the strength of cube texture. An example of the effect
of iron content on the cube recrystallization texture component is shown in Fig. 2.8 for Al-
0.007%Fe. As indicated by the ODFs, while a high fraction of cube grains is obtained at low
and high annealing temperatures, the texture of recrystallized samples annealed at intermediate
temperatures such as 360oC results in a mostly retained rolling texture. The above observations
are explained from the fact that precipitation of an iron rich phase at intermediate annealing
temperatures hindered the boundary migration. At the lower and high temperatures, however,
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the effect on boundary migration is less drastic and a strong cube texture develops. The presence
of silicon in aluminum alloys leads to formation of a stable Al-Fe-Si phase. This will reduce the
Fe content in solid solution. The texture evolution in this case is found to be more random due
to the PSN effect of coarse constituent particles and reduction in rolling component [6]. PSN
is also found to be a dominant mechanism in the presence of large (> 1µm) Al3Fe precipitates
and leads to a large fraction of randomly oriented grains which therefore reduced the strength
of the recrystallization texture components [31].
The recrystallization textures evolved during annealing of deformed samples also contain
some orientations similar to rolling texture, apart from the cube orientation. The main mech-
anism for the formation of recrystallized grains with rolling orientations is Strain Induced
Boundary Migration (SIBM). A difference in dislocation densities on either side of an existing
grain boundary can lead to migration of the boundary into the grain with higher stored energy.
In an Al-3%Mn alloy, SIBM is observed to nucleate Brass oriented recrystallized grains by mi-
gration of a high angle boundary into S oriented deformed grain. Texture analysis of consumed
and recrystallized grains revealed formation of recrystallized grains with all rolling orientations
with significant preference to Brass oriented grains as shown in Fig. 2.9 . The Brass oriented
grains are found to have small intra-granular misorientations leading to small stored energies
and high stability [7].
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Figure 2.8: Recrystallization annealing of Al-0.007%Fe at different annealing temperatures
revealing the effect of precipitation of iron particles. (a) Deformed sample (b) annealed at
280oC, (c) 360oC, (d) 520oC [6].
The main source of cube grains during recrystallization is the metastable cube band which
forms as a result of deformation on prior cube grains [35, 36, 37, 38]. The deformed cube bands
act as the nucleation sites for cube recrystallization texture. Subgrains formed in these cube
37
Figure 2.9: (a) Texture of recrystallized grains with rolling orientations (b) Texture of the
adjacent matrix [7].
bands are found to have a significant size advantage compared to subgrains of other orientations
as shown in Fig. 2.10, which may be a direct consequence of high recovery rates in these grains.
The fraction of this retained cube decreases with strain, and the rate of decrease increases
with the value of the Zener-Holloman parameter [39]. A recent study of formation of cube
recrystallized grain during cold and warm rolling of aluminum alloys by Samajdar et al. shows
large effects of orientation pinning on warm rolled materials which leads to an absence of
rolling texture in warm rolled materials [40]. Orientation pinning is found to be absent in cold
rolled materials and significant amounts of deformation components were observed in overall
recrystallization textures [15]. Growth rate analysis of cube recrystallized grains in aluminum
and copper alloys has revealed the presence of a lower fraction of low angle grain boundaries
compared to the grains of other texture components, thereby providing the required growth
advantage for cube grains leading to a dominant cube texture [3].
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Figure 2.10: Variation in subgrain size for (a) Cube and (b) other orientations showing larger
average subgrain size in cube regions [8].
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3 Experimental Methods
The aluminum alloys used in the present study are hot rolled alloys 1050 and 5005 and were
supplied by the Alcoa Technical Center, Pittsburgh. The chemical compositions of the two
alloys are given in Table 3.1. The main compositional difference between the two alloys is the
concentration of Mg. The present study therefore also reflects the effect of Mg concentration on
recrystallization kinetics and texture evolution in hot rolled aluminum alloys. The thicknesses
of the as-received sheets are about 6mm for AA1050 and about 3.5mm for AA5005. The
AA1050 sheet was given a prior deformation treatment of hot rolling at 325oC and allowed to
cool in air. As a result of slow cooling to room temperature, the AA1050 and AA5005 samples
showed a significant amount of recovery in the as-received state.
Element Si Fe Cu Mn Mg Zn Ti Al
AA1050 0.08 0.31 0.003 0.036 0.004 0.009 0.008 99.54
AA5005 0.30 0.70 0.20 0.20 1.10 0.25 0 97.00
Table 3.1: Chemical composition of AA1050 and AA5005 in wt%.
The as-received hot rolled sheet of AA1050 was machined to obtain small samples with
dimensions 20mm × 10mm × 6mm for annealing treatments at different temperatures for vary-
ing lengths of time. The annealing treatments were carried out in molten salt pots to pro-
vide uniform heating of samples. The annealing temperatures were varied from 200oC to
450oC for AA1050 and 200oC to 500oC for AA5005, to determine the temperatures suit-
able for carrying out isothermal annealing treatments. Isothermal annealing was carried out
at 325oC, 350oC, 375oC and 400oC for time periods ranging from 30s to 7200s for complete
recrystallization of hot rolled AA1050 samples. AA5005 samples were isothermally annealed
at 350oC, 375oC and 400oC for times ranging from 30s to 3600s for complete recrystallization.
The annealing treatment for each time and temperature was performed on two samples, to ob-
tain an average value from the samples and minimize any variation due to local microstructural
inhomogeneity. The experimental analysis of the two alloys involved obtaining microhardness
values for indirect recrystallization kinetics evaluation and scanning the polished samples in
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a Scanning Electron Microscope (SEM) for orientation measurement using an Electron Back
Scatter Diffraction (EBSD) system. The EBSD analysis was carried out to evaluate recrys-
tallization kinetics and observe texture evolution directly from microstructural and orientation
information. The as-received and annealed samples were also analyzed by measuring X-ray
diffraction pole figures with different sample orientations (RD-TD section and ND-TD sec-
tion). The X-ray diffraction experiments were carried out for a comparison of texture evolution
obtained from local EBSD scans and large X-ray diffraction scans, since the latter provides an
average texture from a relatively large area.
3.1 Microhardness Analysis
The annealed samples were polished with various grade polishing papers followed by 1µm
alumina powder for microhardness tests. Microhardness indentations were obtained at different
locations on the samples. On average, 8 to 10 microhardness indentations were obtained on
each sample. A schematic view of a microhardness indentation obtained from the diamond
shaped indenter is shown in Fig. 3.1. The microhardness indentations were obtained on the
plan (RD-TD) surface of the sample. The size of the indentation is measured from the diagonals
d1 and d2. A 500gm load was used for indentations. Microhardness values were obtained from
the size of the indentation as
H =
2l sin( θ2 )
d2 (3.1)
Here, H is the microhardness of the sample (MPa),
l is the applied load ( = 500gm),
θ is the angle at the tip of indenter (θ = 130o),
d is the average size of indenter (d = d1+d22 ).
The final microhardness value represents an average value obtained from two samples an-
nealed at the particular time and temperature. An average hardness of 380MPa was obtained
for the as-received (deformed) samples and 200MPa for completely recrystallized samples for
AA1050. The corresponding values for AA5005 were 475MPa and 325MPa for deformed and
recrystallized samples, respectively. An average microhardness indentation size of 150µm was
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Figure 3.1: Schematic view of indent obtained from a Vickers microhardness machine.
obtained for deformed grains, whereas an average indentation size of 200µm was obtained for
recrystallized grains for AA1050 samples. The average sizes for AA5005 samples were 130µm
and 165µm for deformed and recrystallized grains, respectively. The microhardness values of
partially recrystallized samples lie between the above extreme values of deformed and com-
pletely recrystallized samples.
3.2 EBSD Analysis
The annealed samples were ground and electropolished with a perchloric acid solution for
characterization in a Philips FEI XL40 Field Emission Gun scanning electron microscope us-
ing TS LT M EBSD software. Three scans, typically 600µm × 600µm in size, were obtained on
each sample. Step sizes of 0.5µm and 0.75µm were used for as-received samples, which had a
deformed microstructure consisting of cells and subgrains, while larger step sizes between 1µm
and 2µm were used for partially and completely recrystallized samples where large recrystal-
lized grains were present. The varying step sizes were used to optimize the data collection
from OIM. Small step sizes provide better accuracy for cells and subgrains present in deformed
grains but take much longer times. Large step size on the other hand is faster but the maps are
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Figure 3.2: Schematic representation of the different scanned sections of a sample.
less accurate. A schematic of the different sample surfaces scanned is given in Fig. 3.2.
The as-received samples have large grain sizes of the order of a few millimeters along the
rolling direction. Therefore a representative microstructure for the as-received sample contain-
ing deformed grains of different orientations could not be obtained in a plan view scan (TD-RD
section) even with a scan size of 1000µm × 1000µm. A scan in this section yielded only a
few partial grains as shown in Fig. 3.3(a). The texture from this scan was compared with that
obtained from X-ray diffraction sample orientated in a similar manner (TD-RD section). An
obvious difference was observed in the texture between the two methods of analysis, as indi-
cated in Fig. 3.3 (b), (c). The pole figures obtained from X-ray diffraction measured an average
texture over a larger number of grains scan and are typical of rolled fcc metals. The pole figures
obtained from OIM analysis are indicative of a localized scan having only a few components
of the overall texture. The texture obtained from the EBSD scan in Fig. 3.3(b) showed a large
fraction of Brass oriented {110} 〈112〉 deformed grains, indicated by a maximum at the center
in (101) pole figure. Because of the large grain sizes in hot rolled samples and the inability to
scan very large areas in OIM, the scans obtained on plan section were found to be inadequate
to study textural evolution during annealing of as-received hot rolled samples.
This problem was solved by scanning the samples in a different sample orientation. A
comparison of scans obtained from a deformed sample on a transverse cross section (ND-TD
section) from OIM and X-ray diffraction revealed similar textures from the two methods, shown
in Fig 3.4 (b), (c). Scanning the deformed samples along one of the short directions gave a
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better representation of deformed microstructure and texture due to compression of the original
grains. An accurate representation of deformation texture was therefore obtained from OIM
in reasonable area scans. The texture of a deformed sample in terms of typical deformation
texture components, based on the conventional frame of reference, was obtained by rotating
the data points about transverse direction (TD) by 90o. A rotated view of deformed sample
in Fig. 3.3(a) is shown in Fig. 3.5(a). As indicated in Fig. 3.5(b), the texture of the rotated
sample compares well with the texture obtained for the plan view (TD-RD section) in X-ray
diffraction, Fig. 3.3(c). All the samples for microstructural and textural characterization from
OIM are therefore scanned along the transverse cross section and rotated about the TD axis by
90o to obtain the texture in the standard configuration.
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(a) Microstructure of a deformed sample scanned
along TD-RD section obtained from OIM show-
ing only a few of grains.
(b) Pole figure of sample scanned in (a), in-
dicating corresponding peaks.
(c) Pole figures obtained from X-ray diffraction along the TD-
RD section
Figure 3.3: Deformation microstructure and texture from a plan view OIM scan.
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(a) Microstructure of a deformed sample scanned
along ND-TD section obtained from OIM showing a
large number of compressed grains.
(b) Pole figure of sample scanned in (a), indi-
cating corresponding peaks.
(c) Pole figures obtained from X-ray diffraction along the
ND-TD section
Figure 3.4: Deformation microstructure and texture along the transverse cross section.
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(a) Microstructure of a deformed sample scanned along ND-
TD section after 90o rotation about TD.
(b) Pole figure of sample scanned in (a), show a
typical fcc rolling texture.
Figure 3.5: Deformation microstructure and texture along the transverse cross section after
rotating about TD by 90o.
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3.3 Deformation Simulator
Hot deformation experiments simulating rolling experiments were also carried out on
AA1050 and AA5005 samples. The hot deformation experiments were carried out at the Alcoa
Center in a specially designed machine with attached furnaces which allowed precise control
of deformation conditions (temperature, strain and strain-rate). The samples were deformed in
plane strain compression at 200oC and 400oC. A thermocouple attached to the sample gave
accurate measurement of the deformation temperature. The deformed samples were quenched
in water within 5 seconds after completion of deformation. Table 3.2 gives the details of hot
deformation conditions for two alloys. All the samples were deformed to a total strain of 50%,
which was the maximum practicable strain.
The hot deformation experiments were carried out to determine the effect of deformation
parameters on the microstructural and textural evolution in the two aluminum alloys. These
deformation experiments were aimed at determining a window of operating conditions suitable
for carrying out further hot deformation experiments. A schematic of the deformation simulator
is given in Fig. 3.6. As it turned out, however, the experiments on the as-received material,
allied with these deformation simulator experiments provided ample data for analysis.





Table 3.2: Hot deformation conditions for the deformation simulator experiments.
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Figure 3.6: Schematic view of the Alcoa deformation simulator used in the current study.
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4 Results
The aluminum alloys analyzed in the present study are 1050 and 5005. The kinetics of recrys-
tallization were determined from the variations in microhardness values and the microstruc-
tural parameters determined from Orientation Imaging Microscopy (OIM). The parameters of
recrystallization kinetics obtained from microhardness values served as the basis against which
the parameters obtained from OIM were compared. Different algorithms were developed for
determining important microstructural features such as fraction recrystallized (XV), interfacial
area per unit volume between deformed and recrystallized grains (S V), and contiguity of re-
crystallized grains (Cr), all from OIM maps. The methods based on intragranular orientation
variations were found to be useful for microstructural characterization.
The major portion of the experimental work was carried out on AA1050. A method of
analysis was developed which was applied to AA5005 and samples obtained after hot deforma-
tion in the deformation simulator. A detailed analysis of recrystallization kinetics was carried
out from the microhardness variations including the estimation of activation energy of recrystal-
lization. The Grain Orientation Spread (GOS) method was found useful for partitioning maps
into deformed and recrystallized regions. Recrystallization kinetics were obtained from OIM
maps by using the Microstructural Path Method (MPM) approach. The results obtained from
microhardness and OIM compared well for recrystallization kinetics. The partitioned scans
were also analyzed for texture evolution during recrystallization.
4.1 Microhardness Variations
Microhardness values were obtained from the size of indentations and applied load. A typ-
ical indent area of 0.1mm2 was obtained from each microhardness indent. The microhardness
values are directly related to microstructure of the sample. The indentation size is represen-
tative of the ease with which plastic flow can occur in the material. This is directly related
to dislocation content in the material. An annealed sample with low dislocation content will
provide less resistance to plastic flow and yield relatively large indentations (low microhard-
ness values) as compared to a deformed sample, where the prior dislocation content will resist
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any further plastic flow and small indentations (high microhardness values) are obtained in this
case. The microhardness indentations were obtained on deformed (as-received) and annealed
samples. Two important variations were obtained from microhardness tests. The variation of
microhardness values with annealing temperatures was used to determine temperatures suit-
able for isothermal annealing. The microhardness values for isothermally annealed samples
with different annealing times were used to determine kinetics of recrystallization.
4.1.1 Microhardness Variation with Annealing Temperature for AA1050
The as-received samples of hot rolled AA1050 were annealed for 1 minute at different an-
nealing temperatures, ranging from 225oC to 450oC. The microhardness values obtained for
these samples are shown in Fig 4.1. The maximum microhardness value of 378 MPA is ob-
tained for low temperature (< 300oC) annealed samples and the minimum microhardness value
of 195 MPA is obtained for completely recrystallized samples at high annealing temperatures
(> 400oC). The variation in microhardness values is small at low temperatures, followed by a
rapid decline and finally levels off at high annealing temperatures. The microhardness values at
low temperature annealing are similar to those obtained from as-received samples, indicating
no changes in microstructure during low temperature annealing.

















Figure 4.1: Microhardness variations with annealing temperatures for AA1050 samples an-
nealed for 1 minute.
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The error bars obtained from the microhardness values are relatively small. A variation of
2MPa was obtained for as-received and partially recrystallized samples and about 0.5MPa for
completely recrystallized samples. These values are small compared to the overall changes in
microhardness over the entire transformation and are therefore neglected in further analysis.
The recrystallized fractions can be obtained from microhardness values by assuming a fraction
recrystallized of zero for high microhardness values and one for low microhardness value.





Here, Hmax is maximum hardness corresponding to deformed samples,
Hmin is minimum hardness corresponding to completely recrystallized samples,
Hi is hardness value at particular annealing temperature, and
Xi is fraction recrystallized at particular annealing temperature.
The variation of fraction recrystallized for different annealing temperatures is shown in Fig
4.2. An S-type behavior is obtained from the above variation in microhardness. No change in
recrystallized fraction is observed for samples annealed at temperatures less than 300oC and
higher than 400oC, indicating the deformed and completely recrystallized states respectively.
The flat regions of the curve during initial and latter parts of annealing reflect no change in mi-
crostructure during heating. The middle part of the curve represents a composite microstructure
consisting of deformed and recrystallized regions with the fraction gradually approaching one
from low initial values. The microstructural heterogeneity is prominent during the early stages
of annealing as compared to the latter stages, as shown in Fig. 4.2, indicating a high variation
in deformed microstructure and a stable recrystallized microstructure formation during high
temperature annealing.
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Figure 4.2: Recrystallized fractions for AA1050 samples annealed at different temperatures for
1 minute.
Based on microhardness variations in the samples at different temperatures, four annealing
temperatures were selected, 325oC, 350oC, 375oC and 400oC, for isothermal annealing and re-
crystallization kinetics analysis. The selected temperatures lie in the middle portion of plot in
Fig 4.2 and were expected to recrystallize in reasonable time lengths during isothermal anneal-
ing.
4.1.2 Recrystallization kinetics from Microhardness Variations
The isothermally annealed samples of hot rolled AA1050 were analyzed for recrystalliza-
tion kinetics by using the Johnson Mehl Avrami Kolgomorov (JMAK) model. The recrys-
tallized fractions were obtained by using Eq. 4.1. The microhardness values obtained after
isothermal annealing at different temperatures included contributions from recovery as well
as recrystallization. The determination of recrystallization kinetics would, therefore, involve
removal of recovery contributions from the overall microhardness values. Assuming that the
isothermal recovery kinetics follow a logarithmic decay relationship, the effect of recovery can
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be estimated from the relationship
Hrex = A − B ln t (4.2)
Where Hrex is hardness of an annealed sample if only recovery takes place,
A = H1, the hardness at 1 s annealing time, and
B is the slope of straight line in plot of micro-hardness variation with [41].
Figure 4.3: Variation of microhardness with during annealing of copper samples [9].
The variation of microhardness with time for OHFC Copper obtained by [9] is shown in
Fig. 4.3, indicating that the annealing process can be divided into three stages. During the
early stages of annealing, the microhardness values show a very small variation, followed by
a significant decrease in a very short time. During the final stages a behavior similar to those
obtained at low annealing times is obtained. The three stages observed in Fig. 4.3 are suggestive
of recovery, recrystallization and grain growth processes [9]. Plots similar to Fig 4.3 were
obtained for samples annealed isothermally at 325oC, 350oC, 375oC and 400oC as shown in Fig
4.4. A linear portion during the early stages, indicative of active recovery, was absent for the
annealed AA1050 samples. Thus it was concluded from above analysis that the as-received
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hot rolled samples were in a recovered state and the reduction in microhardness values are









































































Figure 4.4: Variation of microhardness with time for isothermal annealing at (a) 325oC, (b)
350oC, (c) 375oC and (d) 400oC. The flat portion of the curves at long times corresponds to the
grain growth process.
The kinetics of recrystallization were obtained from the fraction recrystallized data, deter-
mined from microhardness values. The JMAK parameters for recrystallization kinetics were
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obtained from non linear curve fitting of experimental values to the JMAK equation given be-
low using the Origin c© Software. The variation of fraction transformed XV with annealing time
(t) at a given temperature is given as
XV = 1 − exp [−(kt)n] (4.3)





































































































Figure 4.5: Variation of fraction recrystallized obtained from microhardness values with time
for isothermal annealing at (a) 325oC, (b) 350oC, (c) 375oC and (d) 400oC.
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The values of JMAK parameters obtained from recrystallization kinetics analysis from the
microhardness data for the four different annealing temperatures are presented in Table 4.1.





Table 4.1: JMAK parameters for isothermal annealing of AA1050
The JMAK exponents of annealing temperatures 325oC, 350oC and 375oC are near one.
These exponent values, as derived by Cahn [42], represent site saturated grain boundary nucle-
ation. The value of 1.77 at 400oC, is near 2, is somewhat higher than the others and represents
grain edge nucleation. The similarity in n-values is indicative of insensitivity of growth behav-
ior to annealing temperatures. The n values obtained in the present analysis are small compared
to the ideal JMAK value of three for three-dimensional growth of recrystallized grains. The ob-
served values are near one and indicate one-dimensional growth of recrystallized grains [6, 42].
The parameter k in JMAK equation is a temperature dependent parameter and its variation
with annealing temperature is given with an Arrhenius-type relation






Here, ko is the pre-exponential factor ,
Q is the activation energy of recrystallization (kJ/mol),
R is the universal gas constant (8.314 J/mol-K), and
T is the annealing temperature (K).
The above expression can be rewritten as a linear expression with logarithmic terms as





Therefore, the slope of a linear fit to a plot between ln k and 1/T can be used to obtain the
activation energy of recrystallization. The activation energy for recrystallization of AA1050
in present analysis was found to be Q = 178 kJ/mol, which similar to an earlier analysis of
Vandermeer et al. (Q=172kJ/mol) on an AA1050 alloy [29].













Figure 4.6: Plot between k and 1/T for AA1050 samples isothermally annealed to complete
recrystallization. The slope of line is used to obtain the activation energy of recrystallization.
4.1.3 Microhardness Variation with Annealing Temperature for AA5005
The effect of addition of Mg in commercial purity aluminum alloys was determined from
the kinetics of recrystallization and texture evolution analysis of AA5005. This analysis was
carried out in the same way as for the AA1050. The as-received hot rolled sheet was processed
to obtain small samples with dimensions 15mm × 10mm × 3mm. The temperatures for isother-
mal annealing were determined by annealing the samples at various temperatures in the range
200oC − 450oC. Microhardness indentations were obtained on each sample. The variation of
microhardness values with annealing temperatures is shown in Fig. 4.7. The microhardness
values for AA5005 are higher than those observed for AA1050. The presence of Mg in solid
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solution increases the resistance for plastic flow and therefore, yields higher microhardness val-
ues. Almost no change in microhardness and fraction recrystallized is observed with annealing
up to 325oC unlike AA1050, where no change in microhardness is observed till 300oC. How-
ever, recrystallization is complete at 400oC, thus the kinetics of recrystallization are faster for
AA5005 as compared to AA1050. The presence of Mg increased the stored energy of defor-
mation by inhibiting dislocation motion and preventing the formation of recovered dislocation
structures. The corresponding variation of fraction recrystallized with annealing temperature
is shown in Fig. 4.8. Samples were isothermally annealed at 350oC, 375oC and 400oC for
recrystallization kinetics analysis.

















Figure 4.7: Microhardness values of AA5005 samples annealed at different temperature for 1
minute.
Microhardness values were obtained for samples annealed isothermally at 350oC for re-
crystallization kinetics analysis. The JMAK parameters were obtained from non-linear least
square curve fitting of fraction recrystallized to the JMAK equation, shown in Fig. 4.9. The
JMAK exponent (n) obtained from microhardness values is 1.14. This value is similar to that
obtained for AA1050 indicating site saturated nucleation on grain boundaries [42].
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Figure 4.8: Fraction recrystallized variation with annealing temperature obtained from micro-

























Figure 4.9: Recrystallization kinetics for AA5005 for isothermal annealing at 350oC from
JMAK model.
4.2 Recrystallization kinetics from OIM
The advent of Orientation Imaging Microscopy (OIM) has led to important insights into
the characteristics of deformed and recrystallized microstructures. The advantage of obtaining
microstructural information along with the orientation information provides an important abil-
ity to correlate microstructure with texture and to investigate their effect on each other due to
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the thermomechanical treatment. The analysis of recrystallization kinetics from OIM is based
on the fact that deformed and recrystallized regions have different characteristics in a scan and
these differences can be exploited to partition maps into the deformed and recrystallized re-
gions. The high dislocation content in deformed grains leads to high local misorientation and
consequently lower Confidence Indexes (CI) and Image Quality (IQ). The recrystallized grains
are however, characterized by low local misorientation and high values of CI and IQ. Different
approaches have been developed to analyze the kinetics of recrystallization from OIM. These
are mainly based on the intra-granular orientation spread, and the IQ & CI values of the scans.
Recrystallization kinetics for AA1050 were first analyzed by the IQ & CI approach and then
subsequently with the misorientation approach (GOS and GAM). The details of obtaining frac-
tion recrystallized from IQ & CI values are given in Appendix 1.
The intragranular misorientation variation within deformed and recrystallized grains pro-
vides an ideal parameter for distinguishing between deformed and recrystallized grains. The
deformed grains are characterized by high long-range and short-range misorientation variations
as compared to recrystallized grains, which have low long-range and short-range misorienta-
tion variations. Thus both long-range and short-range misorientation variations can be used for
determining fraction recrystallized in deformed and annealed samples. The long-range varia-
tions are typically represented by Grain Orientation Spread (GOS) whereas for the short-range
orientation variations, Grain Average Misorientation (GAM) is used. GOS values are calcu-
lated as the average misorientation between all pixel pairs within a grain. GAM values on the
other had are determined by averaging the misorientation between the neighboring pixel pairs






Where i, j are any two pixel pairs within a grain,
gi, g j are the orientations of any two pixel pairs in a grain,
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where i, j are neighboring pixel pairs within a grain,
nn is the number of nearest neighbor of the ith pixel,
gi, g j are the orientations of nearest neighbor pixels in the grain, and
N is the number of pixels in a grain.
Crystal symmetry is implicitly applied to all orientations to find the minimum magnitude of
misorientation. An OIM map for a typical partially recrystallized sample is shown in Figure
4.10.
(a) An Inverse Pole Figure (IPF) map for a partially
recrystallized sample.
(b) Corresponding Orientation Distribution Function
(ODF) indicating contributions from deformed and re-
crystallized grains.
Figure 4.10: Microstructure and texture of a partially recrystallized sample.
The orientation spread (GOS & GAM) of a grain is a direct indication of the amount of
deformation and dislocation content within the grain. A high value of orientation spread indi-
cates a high geometrically necessary dislocation (GND) content and more deformation in the
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sample whereas recrystallized samples have lower dislocation densities and are characterized
by corresponding lower values of orientation spread as measured by GOS & GAM. Therefore,
a suitable orientation spread value can be used to distinguish between deformed and recrystal-
lized grains in a scan. This value will be same for all the scans of a material and will not be
impacted by scan settings, an advantage over the methods based on IQ and CI. The partitioned
grains can be analyzed for microstructural and textural evolution independently. Fig. 4.11
shows variations in GOS and GAM in a typical partially recrystallized sample. A recrystal-
lized grain is characterized by low GOS and GAM values, indicated by blue color of the grain
whereas deformed grains have high GOS and GAM values, shown by yellow and red grains.
Histograms of variations in GAM and GOS values with area fractions are shown in Figure
4.12. A bimodal distribution in GAM and GOS values is observed for a partially recrystallized
sample. The sharp peaks at the lower values of GAM and GOS represent the contribution from
recrystallized grains while the broad peaks at higher values indicate deformed grains.
(a) GAM (b) GOS
Figure 4.11: Orientation spread variations in a partially recrystallized sample of AA1050.
The variation in GAM and GOS values with area fraction, as shown in Fig. 4.12, indi-
cates a clear difference between deformed and recrystallized grains. A threshold GAM and
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(a) GAM Variation (b) GOS variation
Figure 4.12: GAM and GOS variation with area fraction
GOS, for identifying the state of recrystallization in each grain, can be used to estimate frac-
tion recrystallized and separate (partition) the two distinct regions of a scan. This also helps
in analyzing the texture evolution in deformed and recrystallized grains independently. The
estimation of a threshold value suitable for partitioning is difficult or arbitrary from the GAM
and GOS variations shown in Fig. 4.12 because some overlap between the recrystallization
and deformation peaks exists and the exact location of the threshold GAM and GOS is not
self-evident. An alternative approach based on the variation in GOS and GAM with cumulative
fraction of points was used. For this analysis, several completely recrystallized samples were
scanned. The cumulative variation in fraction of points with GAM and GOS is plotted in Fig.
4.13. Fig. 4.13(b) and (d) give a magnified view of Fig. 4.13 (a) and (c) in the range 0.8-1.0.
A threshold GAM was determined from these plots by assuming that any GAM value which
includes 95% of points in a completely recrystallized scan is sufficient for characterizing all
the recrystallized grains in the material. Since the above analysis includes several completely
recrystallized scans (8-10), the threshold GAM determined in this way includes all the effects
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(d) Cumulative GOS variation for points lying be-
tween 0.8-1.0
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(d) Cumulative GOS variation for points lying be-
tween 0.8-1.0
Figure 4.14: Cumulative GAM and GOS variation for AA5005.
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Based on the above analysis, threshold values of GAM of 1o and GOS of 3o were chosen for
distinguishing deformed and recrystallized grains in AA1050. A similar analysis for AA5005
gave corresponding threshold values of GAM and GOS as 1o and 4.5o, respectively. These
observed threshold values were used to partition a complete scan into deformed and recrystal-
lized regions. The microstructure shown in Fig. 4.10 was partitioned by using the GAM and
GOS approaches into deformed and recrystallized grains. The partitioned microstructure and
ODF’s are shown in Fig. 4.15 and 4.16. The microstructure and texture obtained from the two
approaches are very similar. The deformed regions are found to have β-fiber rolling orienta-
tions as the main texture components, typically observed in rolled fcc alloys. The recrystallized
regions show cube as the dominant texture component. Although some minor differences are
observed in the microstructures obtained from the two methods, the similarity in textures for
deformed and recrystallized justifies the use of the above mentioned thresholds.
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(a) Deformed regions partitioned with a threshold
GAM of 1o.
(b) ODF of partitioned deformed regions based on
GAM variations indicating rolling texture.
(c) Recrystallized regions partitioned with a thresh-
old GAM of 1o.
(d) ODF of partitioned recrystallized regions based on
GAM variations indicating cube as the dominant tex-
ture component for recrystallized grains.
Figure 4.15: Partitioning of a complete scan using a threshold GAM of 1o.
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(a) Deformed regions partitioned with a threshold
GOS of 3o.
(b) ODF of partitioned deformed regions based on
GOS variations indicating rolling texture.
(c) Recrystallized regions partitioned with a thresh-
old GOS of 3o.
(d) ODF of partitioned recrystallized regions based on
GOS variations indicating cube as the dominant tex-
ture component for recrystallized grains.
Figure 4.16: Partitioning a complete scan using a threshold GOS of 3o.
Although GAM and GOS values were the main parameters used to identify deformed and
recrystallized grains, certain other criteria were also used for identification of recrystallized
grains. An important parameter in the study of deformed and recrystallized samples with GOS
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criteria is the step size used in the scan. While a larger step size can be used for fully recrystal-
lized samples, a lower value should be used for deformed and partially recrystallized samples
to include more points in the recrystallized nuclei [43]. A step size between 1 − 2µm was used
for partially recrystallized and fully recrystallized samples and between 0.5−1µm was used for
deformed samples. The parameters that control the partitioning of deformed and recrystallized
regions and eventually for selection of a nucleus among all the subgrains present are:-
1. A minimum grain size of 5µm.
2. The presence of a high angle boundary (15o boundary misorientation) surrounding a
nucleus.
4.2.1 GOS and GAM variation with grain size
Grain Orientation Spread (GOS) and Grain Average Misorientation (GAM) values were
compared for deformed and recrystallized grains in the previous section. These parameters
were also compared with grain sizes of deformed and recrystallized grains. A study of these
parameters aids in understanding the internal dislocation arrangements of deformed and recrys-
tallized grains. Fig. 4.17 and 4.18, show GOS and GAM variations for deformed and recrystal-
lized grains respectively. For deformed regions, only grains with a GOS value greater than 3o
were considered for grain size analysis. For the recrystallized sample in Fig. 4.18, all the grains
are considered. An important feature clearly apparent from Fig. 4.17 (a) is that two different
types of deformed grains can be identified. There are deformed grains lying near the 1:1 line of
GAM-GOS variation. There are also grains which have a high GOS but low GAM. The latter
behavior indicates deformed but recovered grains which have large long-range variations but
small short-range variations. The recovered & deformed grains were previously confirmed by
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(c) Variation of grain size with GAM
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(c) Variation of grain size with GAM
Figure 4.18: GAM and GOS variations in a recrystallized sample.
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An analysis of grain size with GOS and GAM values is shown in Fig 4.17 (b) and (c). GOS
values are found to follow a linear relationship with grain size. Large deformed grains have
high GOS values. GAM, on the other hand, follows a different trend. Here deformed grains
form two distinct classes, recovered and unrecovered, as indicated in Fig. 4.17 (c). Recovered
deformed grains, which are more numerous, are located near low GAM values and unrecovered
deformed grains although few in number are at high GAM values which are also large in size.
The variation between GAM and GOS for recrystallized grains is presented in Fig 4.18 (a).
The majority of the recrystallized grains are found near the 1:1 line, indicating similar long-
range and short-range orientation variations and a uniform internal dislocation arrangement of
recrystallized grains. A few grains with high GOS and low GAM were also observed. This
behavior is indicative of the presence of defects due to sample preparation. Any recrystallized
grain with a scratch or a pit due to sample preparation will have high GOS value as the bad
points are included in calculation for each pixel. On the other hand, in GAM calculations the
effect due to these bad points is minimized as they are included in only a small number of
neighbor pixels within the grain. An inspection of the GOS and GAM variation with grain size
reveals no discernible trend. The majority of grains (small and big) are observed to have low
GOS and low GAM values (less than 1o).
4.2.2 Recovery analysis
The as-received hot rolled samples were obtained in a recovered state and no recovery was
indicated by microhardness variation as well as GOS-GAM analysis. The same is not true
however, for concurrent recovery occurring during recrystallization annealing of samples. A
direct way of observing concurrent recovery is through the variation in hardness of deformed
grains. In the estimation of fraction recrystallized from microhardness values, the maximum
and minimum hardness values were assumed to be constant. This assumption, although true for
recrystallized grains (minimum hardness), is not entirely true for deformed grains (maximum
hardness). Annealing of deformed samples will not only cause the recrystallized grains to
appear in the the sample but will also cause the simultaneous recovery of deformed grains.
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These recovery effects can be estimated from the change in microhardness values of deformed
regions. For equation 4.1
Hd =
Hi − HrXV
(1 − XV) (4.8)
Where, Hi is the hardness at any particular time and temperature (measured from microhard-
ness measurements),
Hd is the hardness of deformed regions,
Hr is the hardness of recrystallized regions (constant, estimated from microhardness measure-
ments), and
XV is the fraction recrystallized (obtained from GOS analysis).
Thus estimating XV from OIM permits calculation of the variation in Hd from the available
values of Hr (constant) and Hi. This variation in deformed hardness (Hd), obtained from com-
bining the two methods, is given in Fig. 4.19 (a). An important aspect revealed from this plot
is the variation in deformed grain hardness. A constant value was assumed for Hd in recrys-
tallization kinetics analysis from microhardness. However, it is important to note here that this
variation is only analytical and such a large decrease in microhardness values is not expected
from recovery alone. The indentation size in microhardness is of the order of 150µm for de-
formed samples and might represent an average value over a few layers of deformed grains. It
nonetheless, does show analytically that there might be some variations in deformed grains dur-
ing the annealing. This behavior can be verified by using a nano indentation system providing
controlled indentation sizes and loads, allowing measurements in deformed grains of particular
orientations.
A similar estimation of concurrent recovery is also obtained from the variation in GOS val-
ues of deformed grains with annealing time and temperature. Fig. 4.19 (b) shows the variation
in average GOS value of deformed grains for different annealing temperature with fraction re-
crystallized. The overall behavior of this curve is very similar to the variation obtained from
microhardness values of deformed grains in Fig 4.19 (a).
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(a) Deformed grains microhardness variation with
fraction recrystallized.




























(b) Variation in average GOS value of deformed
grains with fraction recrystallized.
Figure 4.19: Estimating concurrent recovery from microhardness and GOS analysis.
4.3 Microstructural Path Modeling (MPM)
The threshold value of 3o in GOS was used to partition maps into deformed and recrystal-
lized grains in AA1050. The partitioned regions were analyzed for recrystallization kinetics
and texture evolution. The kinetics of recrystallization were obtained from Microstructural
Path Modeling (MPM). This approach is considered better than the usual JMAK approach as it
incorporates more microstructural features than the usual JMAK approach, thus giving a better
analysis of microstructural evolution. The parameters used in the MPM approach are fraction
recrystallized (XV), interfacial area per unit volume between deformed and recrystallized grains





ln XVEX = ln[ln
1
1 − XV
] = n ln k + n ln t (4.10)
S VEX =
S V
(1 − XV) = Kt
m (4.11)
ln S VEX = ln
S V
(1 − XV) = ln K + m ln t (4.12)
S VEX = C(XVEX)q (4.13)
ln S VEX = ln C + q ln XVEX (4.14)
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The above equations are solved for exponents n, m and q to obtain information about the nu-
cleation and growth behavior of recrystallized grains. Plots in Fig. 4.20 show the variation
of the various parameters. For the case of random nucleation of recrystallized grains growing
spherically in 3-dimensions and site saturated nucleation (NV = constant), i.e. JMAK type
conditions, the relationship between S Vex and XVex can be derived as





By eliminating RVex in above equations, a relationship between S Vex and XVex can be obtained
as






Thus for a JMAK type condition q = 2/3. Substituting the real space expressions for S Vex and
XVex in the above expression
XVex = − ln (1 − XV) (4.18)
S Vex =
S V
(1 − XV) (4.19)





(1 − XV)(− ln (1 − XV))2/3 (4.20)
In a general form, equation 4.20 can be written as:
S V = C(1 − XV)(− ln (1 − XV))q (4.21)
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The nucleation and growth parameters can be obtained by assuming a power-law relationship
between nucleation rate ( ˙N) and growth rate (G) with time (t) is given by
˙N = N1tδ−1 (4.24)
G = rPtr−1 (4.25)
where N1, δ, r and P are constants.
The volume and interfacial area for a nucleus nucleated at time, τ, and growing for time, t-τ,
are given by
V(t − τ) = Kva(t − τ)3 (4.26)
S (t − τ) = KS a(t − τ)2 (4.27)
where KV and KS are shape factors constants and a(t−τ) is the semi major axis of the spheroid.
The relationship between a(t − τ) and growth rate (G) is given by




The extended space volume fraction, XVex, and interfacial area per unit volume, S Vex, can be








˙N(τ)S (t − τ)dτ (4.30)
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Substituting the expressions for ˙N, V(t − τ), S (t − τ) and a(t − τ) in the integrals for XVex and
S Vex and by applying Laplace transforms gives
XVex = KV N1P3t(3r+δ)
Γ(3r + 1)Γ(δ)
Γ(3r + δ + 1) (4.31)
S Vex = KS N1P2t(2r+δ)
Γ(2r + 1)Γ(δ)
Γ(2r + δ + 1) (4.32)
Comparing the exponents for t in the above equations and equation 4.9 and 4.11 gives
n = 3r + δ (4.33)
m = 2r + δ (4.34)
























(a) Variation between annealing time and vol-
ume fraction recrystallized.

























(b) Interfacial area variation with fraction recrys-
tallized; the asymmetry of the curve indicates clus-























(d) Exponent q is obtained from the slope of
ln S VEX versus ln XVEX
Figure 4.20: Microstructural Path Modeling for AA1050.
A parameter describing nucleation behavior is given by δ, the value which is determined
as δ = 3m − 2n [44]. A value of δ = 1 corresponds to constant nucleation rate and δ ≤
0 corresponds to site saturation. The values obtained from MPM analysis of AA1050 are
shown in Table 4.2. The data presented in Table 4.2 clearly shows site saturation during the
recrystallization of hot rolled AA1050. The exponent k, which also corresponds to JMAK
exponent, is near one, which, according to the rate law derived by Cahn [42], represents grain
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boundary nucleation. Another evidence for grain boundary nucleation is presented by the fact
that the parameter q lies between 0 and 1/2, which, based on the extension of Cahn’s rate laws
to Microstructural Path Methods, represents site saturated grain boundary nucleation [45].
Temperature (oC) n m δ q
325 1.45 0.71 -0.77 0.49
350 1.09 0.55 -0.05 0.51
375 1.08 0.33 -1.17 0.31
400 1.35 0.62 -0.88 0.47
Table 4.2: MPM exponents for AA1050
A similar analysis carried for AA5005 gave the values of exponents and constants as shown
in Table 4.3. The JMAK exponent n increases from 1 to 2.67, indicating grain boundary nu-
cleation at low temperatures to more uniform growth at the higher temperature. The nucleation
process as indicated by the values of δ and q still appears to be site saturated.
Temperature oC n m δ q
350 1.09 0.59 -0.41 0.54
375 1.99 0.60 -2.19 0.30
400 2.67 1.73 -1.52 0.64
Table 4.3: MPM exponents for AA5005
4.4 Grain contiguity ratio
The grain contiguity ratio for recrystallized grains is also determined from the recrystallized
grains identified with GOS approach. The grain contiguity ratio (Cr) is defined as the fractional
interfacial area per unit volume (S V) that is shared with the other recrystallized grains [46, 47].
Mathematically it is given by the following alternative equations
Cr =
2S V rr








Cr is the contiguity between recrystallized grains,
S V rr is the average interfacial area per unit volume between adjacent recrystallized grains,
S V rd is the average interfacial area per unit volume between a recrystallized grain and an
adjacent deformed grain,
arr is the average area of contact between a recrystallized grain and an adjacent recrystallized
grain, and
ard is the average area of contact between a recrystallized grain and an adjacent deformed grain.
The above two definitions of grain contiguity ratio are equivalent and the mathematical
difference can be understood from the differences in the definitions of area of contact per unit
volume and interfacial area per unit volume. The area of contact between two recrystallized
grains arr is composed of two surfaces of the adjacent grains thus arr = 2S V rr. The contiguity
ratio (Cr) for a random microstructure with no preference for grains of any particular type can
be obtained from the relationships between the interfacial area (S V) and volume fraction (XV).
S V rd = 2XV(1 − XV) (4.37)
S V rr = XV 2 (4.38)
Substituting the above relations in Eq. 4.35 yields the expected value of grain contiguity ratio
as Cr = XV . The variation of grain contiguity ratio (Cr) with volume fraction recrystallized
(XV) is shown in Fig. 4.21 for AA1050 and Fig. 4.22 for AA5005. The straight line in the
middle of the plot corresponds to the case of random nucleation. Any deviation from the line
depicts clustering between grains of a particular type (deformed or recrystallized).
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Figure 4.21: Variation of grain contiguity ratio of recrystallized grains with fraction recrystal-
lized for different annealing temperatures for AA1050.




















Figure 4.22: Variation of grain contiguity ratio of recrystallized grains with fraction recrystal-
lized for different annealing temperatures for AA5005.
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The grain contiguity ratio plots for AA1050 in the present analysis indicate a positive de-
viation (higher than random contiguity) during the early stages of annealing. This implies a
tendency for recrystallized grains to cluster and nucleate in colonies. A similar behavior has
been observed by others [48]. However no such behavior is observed in case of AA5005. Al-
most all the points lie near the 1:1 line for AA5005 indicating no preference for recrystallized
grains. Also due to faster kinetics most of the points for AA5005 lie near the higher end of the
1:1 line.
4.5 Recrystallized grains growth rates
The growth rates for recrystallized grains were obtained from the Cahn-Hagel approach






This expression can be rewritten by using the JMAK equation for the derivative of the re-
crystallized fraction with respect to time. Vandermeer et al. [50] expressed growth rates of
recrystallized grains as





ln(1 − XV) (4.40)
The main advantage offered by the Cahn-Hagel approach for estimation of growth rates over
the JMAK approach is that, in the JMAK approach, a constant growth rate is assumed whereas
a time-dependent growth rate can be obtained from the Cahn-Hagel approach. Variations in
growth rates for isothermally annealed AA1050 samples are shown in Fig. 4.23 for all an-
nealing temperatures. As shown in Fig. 4.23, decreasing growth rates were obtained for all
temperatures. This decrease in growth rates is indicative of a reduction in driving force and




















Figure 4.23: Growth rates (Cahn-Hagel) variation with annealing times for isothermally an-
nealed AA1050 samples.
For the comparison of Cahn-Hagel growth rates at different annealing temperatures, the
variation in growth rates is also plotted with respect to fraction recrystallized XV in Fig. 4.24.
As indicated, a constant growth rate is obtained at the later stages of annealing at all temper-
atures. This constant growth rate is temperature dependent and can be used to analyze the
activation energy for boundary migration by assuming Arrhenius type behavior of growth rate
with temperature for hot rolled AA1050. The activation energy results for AA1050 are shown
in Fig. 4.25.






The activation energy for boundary migration rate is obtained as Q = 168 kJ/mol and is com-
parable to the activation energy for recrystallization obtained from microhardness analysis of
the JMAK parameter k (Q = 178 kJ/mol). These experimental values also compare well with
a AA1050 analysis carried out by Vandermeer et al. Q = 172 kJ/mol [29]. For AA5005, sim-
ilar plots were also obtained for isothermally annealed samples at 350oC, 375oC and 400oC.
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Figure 4.25: Activation energy for boundary migration in hot rolled AA1050.
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Fig. 4.26 and 4.27 show the variation of growth rates with annealing times and fraction re-
crystallized XV , respectively. The activation energy for boundary migration was determined
in a similar manner as for AA1050. The activation energy for the migration of high angle
boundaries in 5005 was determined to be 161 kJ/mol as shown in Fig. 4.28, which is slightly
lower than the value for AA1050. The smaller decrease in growth rate during recrystallization


















Figure 4.26: Variation of growth rates (Cahn-Hagel) with annealing times for different temper-
atures for isothermally annealed AA5005.
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Figure 4.28: Activation energy analysis for boundary migration in hot rolled AA5005.
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4.6 Recrystallized Grain Size
The partitioned regions in deformed and annealed samples were also analyzed for grain size
of recrystallized grains. Average grain sizes for recrystallized grains in isothermally annealed
samples were obtained from the number of pixels and the number density. Figure 4.29 and
4.30 shows the variation for different temperatures for annealed AA1050 and AA5005 samples,
respectively. As stated before, a critical nucleus size of 5µm was used in the present analysis;
this is also shown in the figure below as the starting value for all curves. Recrystallized grains
follow the same microstructural path for all annealing temperatures for AA1050. The final
grain size upon completion of recrystallization is the same for all annealing temperatures. The
recrystallized grains size after completition remains constant even after some time has elapsed.
This indicates pinning of grain boundaries from particles. Error bars in the Figs. 4.29 and 4.30
indicate the standard deviation about the mean value, obtained from different scans at each
annealing condition.



























Figure 4.29: Average grain size variation at different annealing temperatures for AA1050
The average recrystallized grain size for AA5005 was higher at 350oC than at 375oC and
400oC, as indicated in Fig. 4.30. The average recrystallized grain size at 350oC is similar to that
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obtained for AA1050 (approximately 40µm). However, the grain size at higher temperatures is
smaller. The smaller grain size at higher temperature also points to faster recrystallization at
high annealing temperature for AA5005. No grain growth is observed at higher temperatures
for AA5005 as well, indicating pinning of grain boundaries from particles.





















Figure 4.30: Average grain size variation at different annealing temperatures for AA5005
4.7 Texture Evolution
The deformed and recrystallized grains in a scan were partitioned based on their GOS val-
ues. An example of a partitioned scan was given in Figs. 4.15 and 4.16 for a sample of
AA1050 which is approximately 50% recrystallized. The Inverse Pole Figure (IPF) maps of
the partitioned recrystallized regions indicate clustering of recrystallized grains. The behavior
is in accordance with the grain contiguity ratio (Cr) plot shown in Fig. 4.21. The overall tex-
ture, as well as the texture of the partitioned regions as can be represented with corresponding
Orientation Distribution Function (ODF) maps. The texture components used in the present
analysis are given in Table 4.4. The texture information available from the above ODF’s indi-
cate that cube is the main texture component for recrystallized grains and the deformed grains
are concentrated along the β-fiber orientations (brass, copper and S).
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The texture evolution in the deformed and recrystallized regions was characterized quanti-
tatively in terms of the volume fractions of the components.
Texture component Euler angles(degrees)
Cube(Normal & Rotated) (0, 0, 0), (0, 10, 0), (0, 20, 0) and (0, 30, 0)
Brass (35, 45, 0)
Copper (90, 35, 45)
S (27, 58, 18)
Table 4.4: Texture components and their Euler angles used in current study
Volume fractions were calculated based on a 15o tolerance angle, the average orientation of
grains and the number of pixels in each grain. The average orientation for a grain is obtained
from an iterative calculation involving the application of 24 cubic crystal symmetry operators
to each point and selecting the one with minimum misorientation from the current average
orientation. The application of the symmetry operators brings all the pixels in a grain within
a single fundamental zone in orientation space. The average orientation is obtained from the
arithmetic mean of the quaternions of all the pixels in the zone. A deformation microstructure
is shown before and after the application of the average orientation algorithm in Fig. 4.31.
No significant changes are observed in the pole figures after the averaging of orientations.
This method is similar to previous applications for obtaining average orientation involving unit
quaternion calculations [51, 52]. The average orientations are used to determine the texture
component of each grain and weighted with the number of pixels of that grain to obtain the
corresponding volume fraction.
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(a) A deformed scan with grains without averaging
orientations
(b) Pole figures for scan (a) without averaging orienta-
tions
(c) Deformed scan with grains after averaging orien-
tations
(d) Pole figures for scan (a) after averaging orientations
Figure 4.31: Averaging grain orientations of texture estimation.
A plot of the texture evolution at different annealing temperatures is given in Fig. 4.32
for AA1050 and Fig. 4.33 for AA5005. Similar plots were observed for the other annealing
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temperatures (375oC, 400oC). The evolution of texture in AA1050 and AA5005 is very similar.
A few important features of the above plots can be summarized as follows:
1. The volume fractions in each of the deformation and recrystallization texture plots sum
to one.
2. The final annealing time on the deformation texture plots corresponds to a time before
complete recrystallization, whereas the final annealing time for the recrystallization tex-
ture plots corresponds to a time after complete recrystallization of the sample.
3. The local variation in the plots is a result of the heterogeneity of the sample and limited
scan areas.
4. During the initial stage of annealing, S is the main texture component for deformed
regions while at the later stages, the Brass component dominates the deformation texture.
5. The recrystallization texture is dominated by the Cube texture at the later stages and a
composite texture during the initial stages.
6. A comparison of volume fraction of the Cube component in deformed and recrystallized
regions shows that even at early stages of recrystallization significantly higher amount
of Cube component is present in recrystallized region than in deformed regions. This




























































































(d) Recrystallization texture for AA1050 at 350oC
















































(b) Recrystallization texture for AA1050 at 350oC
Figure 4.33: Texture evolution at 350oC for AA5005.
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4.8 Nucleation and Growth of Cube Recrystallized Grains
The main texture component for the recrystallized grains is the cube component which
grows into a deformed matrix consisting mainly of rolled β-fiber components, accounting for
approximately 80% of the deformation texture. The evolution of the recrystallized cube com-
ponent was analyzed from the interfacial area shared between the recrystallized cube grains and
the adjacent deformed grains. The GOS approach was used to partition scans in deformed and
recrystallized regions which permited the calculation of interfacial area between neighboring
grains. This in turn permited the measurement of the variation in the interfacial area of re-
crystallized cube grains against different deformation components with the annealing time and
temperature. The interfacial areas were obtained by extending the definition of grain contiguity
ratio to include different texture components.
Ai j =




Ai j is the fractional interfacial area shared between the ith recrystallized component and the jth
deformed component
S V i j is the interfacial area shared between the ith recrystallized component and the jth deformed
component
S V T,i is the total interfacial area of the ith recrystallized component.
The fractional interfacial areas shared between components do not sum to one because the
contribution from recrystallized grains is not included in the above calculations. The plots, Fig.
4.34, show the fraction of interfacial area that the cube recrystallized grains share with dif-
ferent deformation components. The cube component was selected because it is the dominant
recrystallization component. The points during the initial stages of recrystallization indicate the
nucleation behavior of cube grains whereas the points at later stages represent their growth be-
havior. The cube recrystallized grains are observed to have a large interfacial contact area with
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the deformed S oriented grains during the initial stages of annealing. This behavior is expected
as the S component constitutes about 40% of the deformed grains. Although the contribution
of deformed cube grains to the overall deformation texture is small, a significant proportion of
recrystallized cube grains are found in the vicinity of deformed cube grains during the initial
stages of annealing. This indicates a preference for nucleation of cube recrystallized grains
inside deformed cube regions. This phenomenon of nucleation from deformed cube bands also
known as “Persistent Cube Band (PCB)” nucleation has been reported previously by various
authors [31]. The deformed cube bands are formed from the cube grains present before the
deformation of material and which have survived the deformation process. The recrystallized
cube grains are formed from the subgrains in these deformed bands that have a size advantage
[8].
As the fraction recrystallized increases, the fraction of interfacial area shared with deformed
grains decreases so that the end point corresponds to completion of recrystallization. While the
fractions of boundary pixels shared with S, cube and copper components are observed to de-
crease, the fraction of boundary pixels neighboring brass oriented deformed grains remains
constant or increases during the later stages of annealing. Thus during the final stages of an-
nealing, almost all recrystallized cube grains are adjacent to deformed brass oriented grains.
The deformed brass grains are therefore, relatively stable during annealing. All annealing tem-
peratures show a similar behavior.
Another important parameter, along with the actual fractions of boundary pixels shared,
are the expected values of these fractions. The expected values are obtained by assuming no
preference for a recrystallizing grain in the neighborhood of a deformed grain, i.e. random
placement of recrystallizing grains with respect to the matrix. Therefore the expected fractions
are simply the volume fractions of texture components scaled by the fraction recrystallized.
Mathematically, it can be expressed as
E(Air) = XVVr (4.43)
E(Aid) = (1 − XV)Vd (4.44)
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Where,
E(Air), E(Aid) are the expected interfacial area shared between an ith recrystallized component
and an adjacent rth recrystallized component or dth deformed component respectively
Vr is the volume fraction of rth recrystallized component and
∑
r Vr = 1
Vd is the volume fraction of dth deformed component and
∑
d Vd = 1
XV is the volume fraction recrystallized in the particular sample.
Fig 4.34b and d and Fig. 4.35b show comparisons of the observed interfacial area shared
between cube recrystallized grains and the deformed grains of different orientations and the
corresponding expected values at different annealing temperatures. The dashed line along the
diagonal on the plot corresponds to a 1:1 ratio between expected and observed fractions. While
any point near the dashed line would mean no preference for that component, a point above
the line indicates strong preference for nucleation and a point below the line represents a lower
probability of nucleation in that component. The different points on the plot indicate the ob-
served and expected values at different annealing times during recrystallization. The points at
higher fractions correspond to the initial stages of recrystallization while the points at lower
fractions correspond to later stages of recrystallization.
The cube grains are well above the dashed line indicating a strong preference for nucleation
from deformed cube grains. S oriented deformed grains are near the dashed line and the brass
and copper oriented grains are almost always below the dashed line. Thus the cube recrystal-
lized grains are found to have deformed cube and S grains as neighbors during the early stages
of recrystallization and deformed copper and brass oriented grains at the later stages of recrys-
tallization. The boundary area of cube recrystallized grains against deformed grains indicate a
high contact area with the S component during the initial stages of recrystallization followed by
a monotonic decrease. However, the fraction of boundary pixels against brass remains nearly
constant or increases during the later stages of annealing. This behavior points to a favor-
able growth environment for the growth of cube recrystallized grains in vicinity of deformed S
grains during the initial stages. Only after a significant reduction of the S component, do the
recrystallized cube grains grow into the deformed brass grains, as revealed by high fraction of
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boundary area shared during the later stages of recrystallization. The nucleation and growth
behavior of cube recrystallized grains in AA5005 is very similar to that observed in AA1050.
This relative stability of brass oriented deformed grains during recrystallization annealing has
been observed previously for other aluminum alloys as well [17].




























(a) Interfacial area variation for recrystallized cube
grains against various deformed components at
325oC.





















(b) Comparison of observed and expected fractions
for recrystallized cube grains against various deformed
components at 325oC.




























(c) Interfacial area variation for recrystallized cube
grains against various deformed components at
350oC.





















(d) Comparison of observed and expected fractions
for recrystallized cube grains against various deformed
components at 350oC.
Figure 4.34: Interfacial area variation for recrystallized cube grains for AA1050. The observed
fractional interfacial area shared with deformed grains decreases as the fraction recrystallized
increases, (a) and (c).
97





























(a) Interfacial area variation for recrystallized cube
grains against various deformed components at
350oC.





















(b) Comparison of observed and expected fractions
for recrystallized cube grains against various de-
formed components at 350oC.
Figure 4.35: Interfacial area variation for recrystallized cube grains for AA5005. The observed
fractional interfacial area shared with deformed grains decreases as the fraction recrystallized
increases.
4.9 Growth Rates of Texture Components
The grain size of the recrystallized grains can be used for estimating growth rates of dif-
ferent texture components. Recrystallized grains of all texture components were analyzed at
different annealing temperatures and times for grain size. The derivative of grain size with
respect to annealing time gives an estimate of growth rate of a particular component. Two
different grain sizes were analyzed here. The average recrystallized grain size provides infor-
mation about the average growth rates for different texture components. The maximum re-
crystallized grain size helps in estimating the unimpinged growth rate of recrystallized grains.
The unimpinged growth rates are important for estimating the maximum possible growth rates.
Figs. 4.36 and 4.38 shows the maximum grain size and Figs. 4.37 and 4.39 show average grain
size variations for recrystallized grains of all texture components with annealing temperature
and times for AA1050 and AA5005, respectively.
At low annealing temperatures in AA1050, cube grains are found to have the largest average
and maximum grain size. This indicates a growth advantage for cube recrystallized grains.
98
This growth advantage however appears to diminish with increase in annealing temperature.
At 400oC, all the recrystallized grains have similar grain sizes at all annealing times. This
behavior is also indicative of variation in boundary mobilities with temperature. The above
mentioned behavior is also found to be true for the maximum grain size. Another important
aspect revealed from grain size analysis is that the growth advantage for cube recrystallized
grains is not present during the initial stages of annealing. Only after a considerable fraction
(approx. 20%) of material has recrystallized does the growth advantage for recrystallized cube
grains become evident. The maximum recrystallized grain size is found to be three times the
average recrystallized grain size, which is similar to the ratio found in standard grain size
distributions obtained from simulations and experiments [53, 54].
In the case of AA5005, a small growth advantage for cube recrystallized grains is present
only at 350oC, indicated by their larger size. At 375oC and 400oC, the average grain sizes for
all texture components are nearly the same. The ratio of maximum to average grain size is near
three, similar to that observed in AA1050. Just as in AA1050, any growth advantage for Cube
disappears at higher annealing temperatures.
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(d) Variation in maximum grain size at 400oC.
Figure 4.36: Maximum recrystallized grain size for different texture components in AA1050.
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(d) Variation in average grain size at 400oC.


















































































(c) Variation in maximum grain size at 400oC.










































































(c) Variation in average grain size at 400oC.
Figure 4.39: Average recrystallized grain size for different texture components in AA5005.
4.10 GOS variation in different texture components
As pointed out in section 4.2.2, the variation in GOS showed good agreement with the
variation in microhardness in the deformed regions. The decrease in the microhardness was
attributed to recovery of deformed grains. A similar analysis of the variation in GOS for de-
formed grains of different texture components aids in understanding the process of recovery
in deformation texture components. The partitioned deformed regions were studied for this
analysis. Average GOS values for deformed grains of all texture components were obtained at
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each annealing time and temperature. These average values are plotted against fraction recrys-
tallized (XV) for comparison by texture component, as shown in Fig 4.40 for AA1050 and Fig.
4.41 for AA5005.



































(a) Variation of average deformed GOS with frac-
tion recrystallized (XV ) at 325oC.



































(b) Variation of average deformed GOS with frac-
tion recrystallized (XV ) at 350oC.



































(c) Variation of average deformed GOS with frac-
tion recrystallized (XV ) at 375oC.



































(d) Variation of average deformed GOS with frac-
tion recrystallized (XV ) at 400oC.
Figure 4.40: Average GOS in deformed grains for AA1050.
A marked difference is observed between the two alloys, AA1050 and AA5005. The av-
erage GOS values are found to be lowest for the deformed Cube grains and similar for rolling
components (Brass, Copper and S) in AA1050. Components in the “Rest” of the orientation
space tend to have GOS values between the deformed Cube component and rolling compo-
nents. The minimum GOS values are approximately 3.5o for the Cube grains and about 5o
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for other deformed grains. Therefore, the deformed Cube grains are expected to have higher
recovery than the rolling components in AA1050. This behavior has also been observed in
commercial purity aluminum alloys by Humphreys et al. [10]. A completely different behavior
is observed, however, for AA5005. No difference between any texture components is observed
in this case. Also the average deformed grain GOS values are higher for AA5005 as compared
to AA1050 and exhibit smaller fractional decreases during recrystallization. This indicates less
recovery in AA5005 due to the presence of Mg in solid solution.


































Volume fraction recrystallized (XV)
(a) Variation of average deformed GOS with
fraction recrystallized (XV ) at 350oC.

































(b) Variation of average deformed GOS with
fraction recrystallized (XV ) at 375oC.

































(c) Variation of average deformed GOS with frac-
tion recrystallized (XV ) at 400oC.
Figure 4.41: Average deformed grains GOS for AA5005.
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4.11 Deformation Simulator
The deformation simulator provides an easy way to simulate conditions in rolling (plane
strain deformation) on a laboratory scale. Specially machined specimens were deformed under
various test conditions to observe the effects of different deformation parameters (i.e. temper-
ature, strain and strain rate) on microstructure and texture evolution. The deformation experi-
ments carried out in present analysis involve 50% deformation at 200oC and 400oC at the strain
rates of 0.01s−1 and 1s−1. These deformation conditions bracket the commonly used deforma-
tion conditions for hot rolling in industry. All the experiments were carried on AA1050.
The deformed samples were machined, ground and electropolished on transverse cross-
section for OIM analysis. Samples for OIM scans were obtained at the center. The scanned
samples were analyzed for microstructure evolution, by observing the variations in GOS and
GAM with different deformation conditions and fraction recrystallized, and texture evolution.
Microstructures and textures for deformed samples are shown in Figs. 4.42, 4.43, 4.45 and
4.44. The samples deformed at low temperatures clearly show rolling textures and microstruc-
ture similar to those of as-received samples. However, for the samples deformed at 400oC,
microstructures and textures very different from the typical rolling textures and microstructures
were obtained. A mixed texture comprising mainly Cube and Brass was obtained. Microstruc-
tural and textural information for different samples is shown in Table 4.5.
Temperature 200oC 400oC
Strain rates (s−1) 0.01 1 0.01 1
Fraction recrystallized (XV) 0.15 0.10 0.61 0.5
Average deformed grain GOS (degrees) 6.81 7.17 6.21 6.65
Cube fraction 0.083 0.044 0.421 0.248
Brass fraction 0.292 0.263 0.078 0.090
Copper fraction 0.097 0.121 0.039 0.050
S fraction 0.225 0.303 0.074 0.068
Rest fraction 0.302 0.268 0.387 0.541
Table 4.5: Microstructural and textural evolution after hot deformation of AA1050 in the de-
formation simulator.
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(a) Microstructure of sample deformed at 200oC
and strain rate of 1s−1.
(b) ODF for sample deformed at 200oC and strain
rate of 1s−1 showing rolling texture.
Figure 4.42: Microstructure and texture for a sample of AA1050 hot deformed at 200oC and a
strain rate of 1s−1.
(a) Microstructure of sample deformed at 200oC and
strain rate of 0.01s−1.
(b) ODF for sample deformed at 200oC and strain
rate of 0.01s−1 showing rolling texture.
Figure 4.43: Microstructure and texture for a sample of AA1050 hot deformed at 200oC and a
strain rate of 0.01s−1.
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(a) Microstructure of sample deformed at
400oC and strain rate of 1s−1.
(b) ODF for sample deformed at 400oC and strain
rate of 1s−1 showing mixed texture.
Figure 4.44: Microstructure and texture for a sample of AA1050 hot deformed at 400oC and a
strain rate of 1s−1.
(a) Microstructure of sample deformed at
400oC and strain rate of 0.01s−1.
(b) ODF for sample deformed at 400oC and strain
rate of 0.01s−1 showing mixed texture.
Figure 4.45: Microstructure and texture for a sample of AA1050 hot deformed at 400oC and a
strain rate of 0.01s−1.
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The lower strain rate of 0.01s−1 at both deformation temperatures resulted in higher frac-
tions recrystallized and lower average GOS values compared to deformation at 1s−1, indicating
a significant contribution from recovery at low strain rate. Comparison of the texture evolution
from ODF’s in Figs. 4.42, 4.43, 4.45 and 4.44 and Table 4.5 clearly shows that the rolling tex-
ture is dominant at low deformation temperature at both strain rates. The microstructural and
textural evolution at this temperature is very similar to the as-received samples. Texture evolu-
tion at 400oC indicate a different behavior. Whereas Cube is the dominant texture component
at both strain rates, some contribution from Brass is also observed. This indicates a different
deformation behavior at 400oC than that observed at 200oC.
The effect of different deformation temperatures on recovery can be analyzed by comparing
GAM and GOS values on a grain by grain basis. This analysis is shown in Figs. 4.46 and 4.47.
Recovery is characterized by local rearrangement of dislocations. This will lead to lower GAM
and higher GOS for recovered grains. Thus the recovered grains will have GAM values near
recrystallized grains and GOS values near deformed grains. GAM and GOS values for all
grains at 400oC show a significant deviation from the 1:1 line. Also most of the grains are
observed to have GAM values of 2o or less, although GOS extends to 10o. A similar analysis
for deformation at 200oC shows deviations which are not as large as those observed for 400oC.
In the latter case, most of the grains here have GAM values greater than 2o, thus indicating
significantly less recovery for material deformed at this temperature.
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(a) Variation in GAM and GOS values for samples
deformed at 400oC and a strain rate of 0.01s−1.
















(b) Variation in GAM and GOS values for samples
deformed at 400oC and a strain rate of 1s−1.
Figure 4.46: GAM and GOS variations at 400oC for samples deformed in the deformation
simulator.
















(a) Variation in GAM and GOS values for samples
deformed at 200oC and a strain rate of 0.01s−1.
















(b) Variation in GAM and GOS values for samples
deformed at 200oC and a strain rate of 1s−1.
Figure 4.47: GAM and GOS variations at 200oC for samples deformed in the deformation
simulator.
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5 Conclusions and Discussions
The kinetics of recrystallization and texture evolution were analyzed for hot rolled Aluminum
Alloys 1050 and 5005. The as-received hot rolled samples were isothermally annealed at dif-
ferent temperatures and analyzed by microhardness indentations and Orientation Imaging Mi-
croscopy (OIM). The results presented in Chapter 4 clearly indicate the advantages offered by
OIM over other methods including microhardness variations. OIM provides the ability to ex-
tract parameters such as interfacial area per unit volume between deformed and recrystallized
grains, contiguity of texture components, long range and short range orientation variations,
etc., whose relevance for the study of recrystallization is clear. The experimental results are
compared to a number of current and previous studies on recrystallization of aluminum al-
loys. This chapter presents some of the comparisons and their relevance to the overall study of
recrystallization in hot rolled aluminum alloys.
5.1 Orientation Imaging Microscopy
One of the main aims for the current project was to develop methods based on OIM to
characterize microstructural evolution during recrystallization. Although OIM has been used
for a long time now, most of the earlier studies were based on one-dimensional line scans
[12, 28]. Two-dimensional area scans were used in the current study. OIM scans were analyzed
based on Image Quality and Confidence Index and intragranular orientation variations. While
most of the previous studies were carried out using orientation variations between neighboring
pixels (GAM) [55], an extensive study of long range (GOS) and short range (GAM) orientation
variations was carried out in the present study. It was shown that both GOS and GAM can be
used independently or in conjunction to obtain fraction recrystallized from OIM.
An important aspect revealed in the current study is the applicability of GOS for recovery
analysis. As revealed in section 4.2.2, deformed grain microhardness and average deformed
grain GOS showed a similar variation with fraction recrystallized. The reduction in deformed
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Figure 5.1: Variation between Microhardness and GOS for deformed grains.
grain microhardness was attributed to concurrent recovery of deformed grains. To further un-
derstand the relationship between hardness and GOS, a positive correlation between micro-
hardness of deformed grains and their GOS was found, Fig. 5.1. Although the linear fits are
not satisfactory at all annealing temperatures, parallel lines representing the linear relationship
between recovery and GOS were obtained. These lines demonstrate the applicability of GOS
for recovery analysis. An earlier analysis by Humphreys also revealed similar behavior for
aluminum alloys, as shown in Fig. 5.2 [10]. The term misorientation spread is equivalent to
GOS and mean misorientation refers to GAM in Fig. 5.2.
5.2 Recrystallization Kinetics
Recrystallization kinetics in hot rolled AA1050 were analyzed by using the JMAK approach
as well as the Microstructural Path Method (MPM). While the conventional JMAK analysis
can be used to obtain the basic information about recrystallization kinetics and nucleation and
growth behavior of recrystallized grains, some very important questions remain unanswered.
For example, clustering of recrystallized grains, growth rate variations with annealing times
and temperatures are of interest. By using more complex models along with JMAK analysis,
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Figure 5.2: Misorientation spread and mean misorientation variation during recovery in
99.998% pure aluminum cold rolled and subsequently annealed at 300oC. [10]
much more information can be obtained. Table 5.1 gives the JMAK exponents obtained from
microhardness variations and OIM analysis using GOS method. The JMAK exponents from
the two methods are near one and belong to a similar transformation class, i.e. grain boundary
nucleation, as demonstrated by Cahn [42]. Further analytical evidence for grain boundary
nucleation is provided by Vandermeer and Masumura [45], who extended Cahn’s approach to
include interfacial area per unit volume (S V). The parameter q, directly relates volume fraction
recrystallized (XV) to interfacial area per unit volume (S V), and lies between 0 and 0.5. Values
are shown in Table 5.1 and indicate site saturated grain boundary nucleation. These values
are in good agreement with a recent analysis by Vandermeer and Juul Jensen (q = 0.52) on a
AA1050 type alloy hot deformed under plane strain conditions at 400oC at a strain rate of 2.5s−1
followed by isothermal annealing at 400oC [29]. The microstructure shown in Fig. 5.3 validates
the fact that most of the recrystallized grains are present at grain boundaries. Recrystallized
grains are evident as small, equiaxed grains that are close to or on grain boundaries in the
deformed structure.
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Figure 5.3: Microstructure of an as-received sample showing grain boundary nucleation at prior
boundaries.
TemperatureOC Microhardness OIM q (MPM analysis)
325 0.89 1.45 0.49
350 0.65 1.09 0.51
375 0.90 1.08 0.31
400 1.77 1.35 0.47
Table 5.1: JMAK exponent (n) obtained from microhardness and OIM and the parameter q
obtained from MPM analysis.
Microhardness variations for recrystallization have been used by Waryoba and Kalu [9]
for wire drawn Oxygen Free High Conductivity (OFHC) copper wires. However, due to the
very high strains (approx. 3.10) imposed, JMAK exponents of the order of 3-4 were observed.
This clearly indicates a uniform distribution in stored energy. JMAK exponents near one,
can indicate non-uniform distribution of stored energy. The effect of variable stored energy
in deformation microstructure was analyzed by Rollett et al., using Monte Carlo simulations
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[56]. Inhomogeneous stored energy can lead to JMAK exponents that are much lower than
those experimentally predicted for the given nucleation and growth conditions. It also gives
rise to nucleation densities that vary from one grain to another. Inhomogeneous stored energies
in deformation microstructures of AA1050 and AA5005 were also observed in the present
study. This is shown in Fig. 5.4, for an as-received AA5005 sample with boundaries drawn
at two different misorientation values. Boundary misorientations at 15o represent normal high
angle boundaries in Fig. 5.4 (a) between different bands. When the boundary misorientation is
reduced to 3o, to show the subgrain structure, different subgrain sizes are observed in different
orientations Fig. 5.4 (b). The stored energy of deformation is related to subgrain size (δ) and
misorientation (θ) as given by Read-Shockley equation [6]
ES =
3γoθ(A − ln θ)
δ
(5.1)
Here,γo = Gb4pi(1−v) , A = 1 + ln
b
2piro , ro is radius of the dislocation core, usually taken as between
b and 5b.
As Fig. 5.4 shows, the subgrain sizes for different texture components follow the order
Cube(red)> Brass(green)> S(pink) which gives the stored energy variations as S>Brass>Cube.
A higher stored energy in S deformed grains has been reported by Vatne et al. [8] and is also
evidenced from the texture evolution in deformed regions, Fig. 4.32(a), 4.32(c) and 4.33(a),
which showed relative increase in Brass grains at the later stages of annealing therefore imply-
ing stability of this orientation to annealing [57].
The contiguity of recrystallized grains as given in Fig. 4.21 and Fig. 4.22 clearly indicates
that recrystallized grains are clustered during the initial stages of annealing. A similar behavior
was also obtained in austenite to ferrite transformations and for recrystallization in hot rolled
aluminum alloys by Vandermeer [11], Fig. 5.5.
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(a) Boundaries drawn at misorientation 15o
(b) Boundaries drawn at misorientation 3o
Figure 5.4: As-received AA5005 samples showing different subgrain sizes in texture compo-
nents. The cube component (red bands) has the largest subgrains, shown in (b), followed by
Brass (green bands) and S (pink), which has the smallest subgrains.
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Figure 5.5: Contiguity ratios in steel and hot rolled aluminum [11].
The velocity of the interface between deformed and recrystallized grains as a function of
time was obtained from the Cahn-Hagel approach [49]. This represents the average migration
rate for high angle boundaries. The growth rate variations shown in Fig. 4.23 and 4.26 show a
time dependence of the growth rate. The change in growth rate at low annealing temperatures
indicates a more gradual decay in growth rate than at high temperatures, where a rapid decline
in growth rates is observed. This variation in growth rates with annealing temperatures is
related to the decrease in stored energy. The rate of decrease of stored energy is higher at
high annealing temperatures. The growth rate after the initial transient becomes constant and
is dependent on annealing temperature. The constant growth rates at long times can be used to
determine the activation energy for high angle boundary migration. These activation energies
can be compared with the activation energy for recrystallization to determine the dominant
mechanism for recrystallization.
The activation energy for recrystallization is obtained from the temperature dependent pa-
rameter k in the JMAK equation
X = 1 − exp [−(kt)n] (5.2)
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A variation in k values, obtained from isothermal annealing at different temperatures, was used
to obtain the activation energy for recrystallization from the Arrhenius equation
k = ko exp (− QRT ) (5.3)
The activation energy for recrystallization, obtained from microhardness variations for samples
annealed isothermally at 325oC, 350oC, 375oC and 400oC is 178 kJ/mol. The activation energy
for boundary migration obtained from Cahn-Hagel interface migration analysis is 168 kJ/mol.
These values are similar to each other and indicate that recrystallization in hot rolled AA1050
is controlled by migration of high angle boundaries as expected. The activation energy for
boundary migration obtained in a similar alloy by Vandermeer et al. Q = 172kJ/mol also
compares well with the above values [28]. The activation energies of different elements in
aluminum are given in Table 5.2.





Table 5.2: Activation energies of different elements in Aluminum.
The activation energy for the migration of high angle boundaries is significantly larger
than the activation energy for self diffusion in aluminum, indicating that the boundary migra-
tion in aluminum is controlled by solute drag of other elements. This activation energy is,
however, comparable to the activation energy for diffusion of iron in high purity aluminum
Q = 193kJ/mol [60]. The similarity in activation energies of recrystallization, migration of
high angle boundaries and the activation energy for diffusion of iron in aluminum provides
some evidence that recrystallization in hot rolled aluminum is controlled by migration of high
angle boundaries which in turn are controlled by solute by iron in the aluminum matrix.
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A comparison of activation energies of recrystallization for AA1050 used in present analy-
sis and other similar alloys reported is given in Table 5.3 along with the concentration of Fe
and Si in the alloys.
Alloy %Fe %Si Activation Energy(kJ/mol)
AA1050 (present analysis) 0.31 0.08 168-178
AA1050 (Vandermeer et al.) 0.34 0.15 172
AA1050 (S. P. Chen et al.) 0.185 0.109 225-234
Al-Mg (Sellars et al.) 0.40 0.10 230
Table 5.3: Activation energies of recrystallization obtained in different studies for aluminum
alloys
The lower activation energy values in the present analysis can be attributed to the different
processing conditions used in the different alloys. As-received hot rolled and recovered sam-
ples are used in the present study, whereas tensile specimens were used in the other AA1050
analyses which exhibited JMAK exponent n near 2.2 [26]. The Al-Mg alloy was deformed
by Plane Strain Compression (PSC) [27]. No contribution of recovery processes was observed
in the present analysis, whereas significant recovery contributions were observed in the other
analyses [26, 27].
5.3 Texture Evolution
The texture analysis of as-received and annealed samples revealed that deformation and
recrystallization textures are qualitatively similar but quantitatively different (consisting of the
same components but with different weights) [16]. The main texture components observed in
the present analysis are Cube, Brass, Copper and S; these are typically reported for commercial
purity aluminum alloys [61, 36, 37]. The partitioning of scanned areas between deformed
and recrystallized regions helped in obtaining an independent analysis of texture components
in each region. The texture analysis of the deformed regions showed that S and Brass are
the main texture components in the deformed regions. A significant amount of the Copper
component is also observed along with the small amount of deformed Cube. The variation
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of texture components in the deformed regions at different annealing temperatures revealed
similar behavior.
The S component is the main texture component during the initial stages of annealing and
the Brass component is observed to be dominant at the later stages of annealing. The Copper
component is observed to decrease monotonically during the annealing treatment. The increase
in the relative volume fraction of the Brass component at the later stages of recrystallization,
as shown in Fig. 4.32, indicates relative stability of this component to the annealing treatment.
The stability of deformed Brass grains has been observed in other aluminum alloys including
AA5182 and other commercial purity aluminum alloys [17, 57]. This stability of Brass grains
is attributed to its ability to deform on very few slip systems. They are therefore less likely to
nucleate new grains than other deformation orientations during recrystallization of hot rolled
samples. The activation of fewer slip systems is thought to also lead to lower stored energy and
therefore slower kinetics [57].
The recrystallized regions have Cube as the dominant texture component. The recrystallized
grains have similar fractions of Cube and the β-fiber components during the initial stages of an-
nealing. The fraction of Cube component in recrystallized grains is significantly higher than in
deformed grains, whereas the fraction of rolling orientations in recrystallized grains is similar
to that in deformed grains. Thus Cube recrystallized grains have a nucleation advantage, sug-
gesting the presence of Oriented Nucleation (ON). The texture at latter stages is marked by the
presence of higher Cube fractions and smaller fractions of rolling components. The nucleation
and growth behavior of recrystallized Cube grains was analyzed by observing the variations
in the boundary pixels shared between recrystallized Cube grains and deformed grains of all
orientations. A significant fraction of recrystallized Cube grains have deformed Cube grains as
their neighbors during the initial stages of annealing, in spite of very low fractions of deformed
Cube grains in the overall deformation texture ( 0.05). The presence of deformed Cube grains
has been reported in previous analysis. These are often termed as “Persistent Cube Bands
(PCBs)” [31]. In a Transmission Electron Microscopy (TEM) investigation of AA1050 type
alloy by Nes et al., the deformed Cube grains were observed to be several hundred micrometers
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long in the rolling direction and were found to contain large subgrains which can act as nuclei
upon annealing of deformed samples [8]. The presence of a high fraction of deformed Cube
grains in the neighborhood of recrystallized Cube grains supports the observations of Nes et al.
The recrystallized Cube grains have S as their main deformed neighbor. This is in ac-
cordance with the volume fraction of S component in deformed regions, as indicated by the
comparison plots in Fig 4.34(b). The points corresponding to S grains are always near the
1:1 line in the plots, indicating similar values for expected and observed fractions. The Brass
component points are observed to lie below the 1:1 line at the initial stages (higher fractions)
and near the line at final stages (lower fractions). The deformed Cube grains are almost always
found above the line, indicating a high probability of nucleation of recrystallized Cube grains
from the deformed Cube bands.
A variation similar to that observed by Vatne et al. was obtained here. A steep decline in
the fraction of boundary pixels shared between deformed Cube grains and deformed S grains
was observed during the initial stages whereas the fractions corresponding to Brass components
remained constant or showed a small decrease. These observations indicate the relative stability
of the different deformation texture components upon annealing of as-received samples. The
S grains are found to decline early during upon annealing thus indicating lower stability and
higher stored energies. Brass oriented grains have slower recrystallization kinetics and are
present until the later stages of recrystallization, indicating higher stability and lower stored
energies. The Copper component is found to have intermediate stability and stored energy.
The stored energy calculations based on subgrain size and misorientations reported in various
studies also revealed a trend similar to that indicated above [19, 18].
A simple view offered by the above observations reveals nucleation of recrystallized Cube
grains from the deformed Cube grains, which have relatively large subgrains. The nuclei grow
into the deformed matrix which consists of grains of different orientations. The growth of
recrystallized Cube grains is fastest in S grains and slowest in Brass grains, in the order of the
stored energies of various deformation components.
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Figure 5.6: Evolution of average grain size for different recrystallization texture components
after cold rolling and subsequent annealing of an AA1050(Fe-0.32%, Si-0.15%) type alloy.
[12]
The growth rates for different texture components during recrystallization have been ana-
lyzed by several researchers [12, 62]. For a cold rolled aluminum alloy, Juul Jensen observed
a behavior similar to those presented in Fig. 4.37 , as shown in Fig 5.6. Recrystallized Cube
grains exhibit a strong growth preference at low annealing temperatures. However, as the an-
nealing temperature is increased, the growth advantage for recrystallized cube grains is di-
minished. Thus the overall cube texture in hot rolled AA1050 and AA5005 is in part due to
contributions from oriented nucleation (high volume fraction of cube recrystallized grains) and
oriented growth (growth advantage to recrystallized cube grains). This growth advantage for
cube grains can also be understood in terms of orientation pinning. The overall volume fraction
of cube component in the deformed state is very low < 5%. The cube subgrains after reaching
a critical size are surrounded by grains of rolling orientations (β-fiber orientations). They have
a high angle misorientation with the rolling components and are thus able to grow more than
other components. The recrystallized grains of rolling orientations surrounded by deformed
matrix of similar orientation, therefore they are pinned by low angle grain boundaries and have
smaller size compared to cube recrystallized grains [62]. Further analysis of these issues has
been carried out by A. Brahme [63].
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A comparison between Oriented Nucleation (ON) and Oriented Growth (OG) indicates
that, while OG is present mainly at low annealing temperatures and as the temperatures is
increased, the growth advantage for a particular component (Cube) diminishes, ON is present
at all annealing temperatures. This behavior suggests that of the two mechanisms ON and OG,
ON plays a more important role in the final texture evolution of hot rolled aluminum alloys. An
analysis by Brahme [63], using Monte Carlo simulations, on texture evolution in AA1050 also
revealed ON to play a more important role than OG.
5.4 AA1050 and AA5005
The main difference between the two hot rolled alloys AA1050 and AA5005 is the higher
concentration of Mg in AA5005. The use of AA5005 was therefore, to study the effect of
Mg addition on recrystallization kinetics and texture evolution in commercial purity aluminum
alloys. Mg is usually present as a solid solution at these concentrations [6]. The presence of
Mg in Al increases the overall strain in the Al matrix which hinders the motion of dislocations.
This difficulty in dislocation motion is shown by higher microhardness values of deformed and
annealed AA5005 samples as compared to AA1050. The microhardness values were typically
higher by a factor of 1.5 in AA5005. Another important effect of presence of Mg in Al is that
it increases the stored energy in AA5005. A comparison of JMAK exponents for AA1050 and
AA5005 is shown in Table 5.4.





Table 5.4: JMAK exponents in AA1050 and AA5005 obtained from OIM.
The JMAK exponents in Table 5.4 show that while recrystallization in AA1050 remains
isokinetic, the mechanism changes from grain boundary nucleation to grain edge nucleation to
grain corner nucleation in AA5005, as derived by Cahn [42]. This variation in mechanism can
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be understood in terms of stored energy in the two alloys. In AA5005, higher stored energy
leads to faster kinetics and the activation of a higher density of nucleation sites. Therefore
recrystallization approaches random nucleation conditions. In AA1050, with relatively low
stored energy, only grain boundary nucleation is the dominant mechanism, thus low Avrami
exponents are obtained. Higher stored energy in AA5005 is also evidenced from the higher
average deformed grain GOS values, shown in Fig. 4.40 and 4.41.
Texture evolution in AA1050 and AA5005 is very similar. Cube recrystallized grains are
observed to nucleate from deformed cube grains. The growth rate advantage of cube recrystal-
lized grains is only present at 350oC in AA5005. This indicates oriented nucleation and oriented
growth to be simultaneously operative. At higher temperatures, all recrystallized grains have
similar growth rates which suggests that ON is more dominant than OG.
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6 Future Work
The two most important goals of this project were to develop methods based on Orientation
Imaging Microscopy (OIM) for analysis of recrystallization kinetics and texture evolution, and
to provide much needed experimental information for simulations of recrystallization kinetics
in hot rolled Aluminum Alloys. These goals were successfully achieved by the development
Grain Orientation Spread (GOS) and Grain Average Misorientation (GAM) based algorithms.
The ability to distinguish and partition deformed and recrystallized grains enabled independent
analysis of the regions and provided important insight into the nucleation of Cube oriented
grains during recrystallization. The majority of the work was carried out on AA1050 and some
analysis was performed for AA5005. The GOS based approach was successfully applied to
both alloys to characterize microstructural and textural evolution.
Some of the important results obtained from the current analysis can be summarized as
follows:
1. The deformation microstructure consists of elongated grains and the deformation texture
is the predominantly the β-fiber.
2. Recrystallization in hot rolled aluminum alloys is controlled by migration of high angle
boundaries.
3. Recrystallized grains nucleate at or near grain boundaries between the elongated grains.
4. The recrystallization texture consists mainly of the Cube texture components which nu-
cleates from the deformed bands of Cube orientation that have survived deformation.
5. Of the various orientations present in the deformed regions, the S and copper orientations
are found to favor growth of Cube grains while the brass orientation is relatively stable
to annealing treatments.
6. No significant differences were observed between AA1050 and AA5005 in terms of tex-
ture evolution and nucleation of recrystallized Cube grains.
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Based on these results, a few suggestions are presented here for future research projects.
Although most of the results for AA1050 and AA5005 were very similar, there were some
differences between the two alloys. The differences were predominantly in recrystallization
kinetics and the grain size evolution. One of the reasons for these differences might be the
different (thicknesses) strains in the two alloys. Therefore, to understand fully the effect of Mg
addition in commercial purity alloys, samples with very similar processing conditions should
be used. Similarly if the as-received samples at different stages of deformation are studied, they
could provide some valuable information about the effect of different deformation parameters
such as strain, strain rate and temperature on recrystallization kinetics and texture evolution.
It would be most advisable to use samples at the last stages of hot rolling so that grains have
undergone sufficient deformation to be captured in a single scan.
Another important area where this method can be immediately applied is the analysis of
cold rolled samples. GOS of 3o and GAM of 1o were found sufficient in case of hot rolled
samples. GOS and GAM values for cold rolled samples are also expected to be the same. An
important topic for the analysis of cold rolled samples would be the variation in GOS and GAM
on grain by grain basis. Since recovery in as-received samples will be minimal, actual variation
in GOS and GAM of deformed grains of different orientation could be followed with annealing
time and temperature, thus allowing recovery estimations based on OIM only.
Recovery analysis for hot rolled samples was not very successful in the present analysis.
Although an algorithm was proposed and some similarities were obtained in the variation of
the hardness of deformed grains and their grains GOS values, the results obtained so far lacked
statistical validity. Some experiments could be designed to analyze the variation in recovery
from GOS values by using more strained samples and annealing them at very low temperatures.
Nano Indentation is expected to provide significantly better results in this regard. The ability
to control the load and the size of indentation in nano indentation can be used obtain hardness
of a particular orientation in deformed grains. Performing a series of such tests at different an-
nealing times and temperature will provide much more information about recovery than could
be obtained from microhardness. This method could also be used for cold rolled materials.
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Appendix A Orientation Imaging Microscopy
Orientation Imaging Microscopy (OIM) is an advanced microstructural analysis technique
which uses the Electron Backscattered Diffraction (EBSD) patterns obtained in a Scanning
Electron Microscope (SEM) to obtain crystallographic orientation information from a material.
The use of OIM in microstructural characterization and texture analysis of metals and ceramics
has increased strongly in the last few decades. This is mainly attributed to the advances in hard-
ware and software development. The speed of data acquisition has increased from 1000-2000
points hr−1 in the early EBSD systems to approximately 80000 points hr−1 in most modern
systems [64]. The use of the Field Emission Gun SEM (FEGSEM) for obtaining EBSD pat-
terns has considerably improved the spatial resolution [65]. The simple sample preparation,
ease of use and the possibility to cover large sample areas in shorter times have contributed to
the increasing popularity of OIM.
The microstructural and microtextural characterization of metals and alloys has been one of
the major application areas of OIM. The changes in microstructures and textures as a result of
different transformations (phase transformation and recrystallization) and processing (rolling
and extrusion) routes have been successfully analyzed by the use of OIM [66, 67]. A large
number of single phase fcc alloys including Aluminum, Copper, Nickel etc. have been studied
for microstructural and textural evolution during deformation and recrystallization of the met-
als. Of the particular interest is the application of OIM in characterizing the deformed state of
rolled metals consisting of a cell and subgrain structure and the ability to identify the nucleation
and growth mechanisms from the orientations of deformed and recrystallized grains [68].
A.1 Components and working of an EBSD system
A typical EBSD system consists of three major components:-
• A SEM unit for image analysis of sample and for generating the electron backscattered
diffraction patterns.
• A Charge Coupled Device (CCD) camera for capturing the diffraction patterns from sam-
ple surface.
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Figure A.1: Schematic view of the major components in an EBSD system
• A work station for analyzing and storing the information generated at each sampling
point of the sample surface. A schematic view of the major components of an EBSD
system is shown in Fig. A.1 [69].
The working principle of an EBSD system can be described in the following way; as the
electron beam strikes the sample surface of a tilted sample (60− 70o), diffraction patterns (sim-
ilar to Kikuchi patterns in TEM) are generated due to the elastic scattering of electrons from
the lattice planes. These patterns are intensified as the scattered electrons undergo further scat-
tering at the other lattice planes, giving a distinct arrangement of parallel lines (bands) for each
set of lattice planes. The width and intersection of bands provide all the information needed
regarding the crystallographic orientation of the sample volume being analyzed [43]. An EBSD
system can be operated in two modes: manual and automatic. The manual method involves the
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selection of sampling location on the sample by the operator where as in the automatic mode,
sampling locations are pre-programmed and are located by beam or stage control in the micro-
scope. An orientation map of the sample surface can be generated by plotting the orientation
of each sampling point obtained from the automated EBSD analysis on a grid of points whose
spacing is much finer than the grain size.
A.2 Data analysis
The orientation of each point obtained from the Kikuchi patterns is stored in the form of the
Bunge Euler angles (φ1,Φ, φ2) along with the spatial coordinates of the point, the pattern quality
and confidence indexes. The Bunge Euler angles represent the rotation necessary for making
crystal coordinates coincident with the sample coordinates. The orientation of each point along
with its spatial coordinates can be used for further analysis including grain orientation and grain
boundary analysis.
Grains in OIM maps are defined as the sets of connected and similarly oriented points. The
neighbors of each point in a grain as checked to see if they are within the grain tolerance angle
of the given point. If a point is found to be within the tolerance angles, its neighbors are than
checked. The procedure is repeated over and over again until all the points in the scan are
assigned to different grains. This is known as a “Burn” algorithm. The definition of a grain in
an OIM map can be varied by the user by varying the values of the grain tolerance angle and
the minimum number of points (pixels) in a grain [69].
A grain boundary in OIM is defined as the line segment separating two measurements points
in a scan [69]. Five independent parameters are needed to completely describe a boundary.
These are the three parameters for describing the boundary misorientation and two parameters
for describing the boundary plane normal. The difference between the orientation of a point
and the misorientation between points is that, while an external sample coordinate system is
used in describing the orientation of a point, the crystal coordinates of another point are used
for describing the misorientation between points. Misorientation calculations are conveniently
performed by considering the orientations of the points in matrix form. The matrix form for
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orientation or misorientation can be obtained from the Euler angles as:

cos φ1 cos φ2 − sin φ1 sin φ2 cosΦ sin φ1 cos φ2 + cos φ1 sin φ2 cosΦ sin φ2 sinΦ
− cos φ1 sin φ2 − sin φ1 cos φ2 cosΦ − sin φ1 sin φ2 + cos φ1 cos φ2 cosΦ cos φ2 sinΦ
sin φ2 sinΦ cos φ2 sinΦ cosΦ

The misorientation between two points A and B having orientations gA and gB can be ob-
tained as:
∆g = gBg−1A = gBg
T
A (A.1)
The symmetry of the crystal lattice will lead to formation of symmetrically equivalent mis-
orientations which can be represented mathematically as :
∆g = gBgTA = CBi gB(CAj gA)T = CBi gBgTACAj T (A.2)
For the case of cubic crystal symmetry having 24 symmetry operators, 1152 symmetrically
equivalent misorientations are obtained. A misorientation corresponding to the minimum mis-
orientation angle between the points A and B of the 1152 symmetrically equivalent orientations
is chosen as the physically meaningful value. In some cases, the misorientation axis is chosen
as the one lying in a particular unit triangle (SST).
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Appendix B Recrystallization kinetics from IQ and CI method
This section describes a previous partitioning method, superceded by the GOS approach. The
annealed and polished samples were scanned after the micro-hardness test to obtain the orienta-
tion information of samples. The orientation information of samples annealed for different time
intervals (t) was used to calculate fraction recrystallized (X). In this technique, a focused elec-
tron beam is used to scan a sample surface on a regular grid of points. An Electron Backscatter
Diffraction Pattern (EBSP) is captured for each point, and this pattern is subsequently indexed
to determine the orientation of the crystal at that grid position. The Image Quality (IQ) and
Confidence Index (CI), which represent the contrast in the pattern and confidence of the OIM
software of indexing the pattern correctly, are also obtained during the scanning of sample sur-
face. The fraction recrystallized of an annealed sample is calculated from criteria based upon
CI and IQ values for the scanned sample. The IQ and CI values for determining the candidacy
of a particular point for recrystallized or deformed region are selected independently for each
scan [70]. The values of fraction recrystallized are significantly affected by the microstructural
heterogeneity of scanned regions.
The critical CI value used to get a pattern with sufficient confidence was set at 0.1. This
value is obtained from past experience of the transition between well-indexed and poorly-
indexed points occuring at 0.1. A second criterion was based on the IQ value for the scanned
surfaces. The threshold IQ value was chosen to be the average IQ of all the points with a CI
value less than 0.1. The final criterion, based on a neighbor correlation, was applied in order
to ensure that the final microstructure was physically reasonable. This allowed a point to be
considered recrystallized if it has at least four recrystallized nearest neighbors, or three of its
neighbors are within 3o of the same orientation. This can be expressed as:
∀p ∈ S , p ∈ U i f f {IQp < IQthres,CIp < 0.1, np < 4} (B.1)
where p is any data point in the set S of all OIM data points, U is the set of all unrecrystallized
points, IQp is the image quality value of point p, IQthres is the average IQ of all points with a
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Figure B.1: Variation of fraction recrystallized obtained from critical CI & IQ values for sam-
ples annealed isothermally at 350oC.
CI < 0.1, CIp is the confidence index of point p, np is the number of neighbors of p whose IQ
and CI are greater than 0.1 and IQthres respectively [70].
Based on the above criteria, an estimate of the recrystallized fraction was obtained for each
scan during the analysis as shown in Fig. 3.10 at 350oC.
The JMAK exponents obtained for recrystallization kinetics are similar to those obtained
from microhardness variations, which suggests that the method based on IQ and CI values of
a scan is successful. The small differences can be attributed to the limited scan size of each
sample. The micro-hardness data represents an average behavior for recrystallization kinetics,
whereas the data obtained from OIM are from limited areas [71]. Although this method yields
results that are close to those obtained from other methods, it requires a significant input from
the operator as the cut-off value of IQ is different for each scan and is also dependent on the
sample preparation technique. These limitations make the application of this approach difficult
for an analysis consisting large number of scans and when a number of scans are obtained
from each sample. A new method based on intragranular orientation spread overcomes these
limitations as described in the body of the thesis.
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Appendix C Computer Program
program grainsp3
c changes made in the program - date 08/25/2004
c combined copper and dillamore orientations
c the maximum,minimum and average GOS values obtained
c for each component
c deformed neighbors of cube bands looked at
c changed the rotated cube components
c .exe file grainsp7
c changed the ang file to identify the cube rex. grains
c and its deformed neighbors only
c date - 10/29/04
c changes made in the program
c calculated the interfacial area per unit volume -sv
c calculated the grain size of recrystallized grains -gs
c calculated the boundary pixels shared in terms of the
c grain contiguity ratios for recrystallized grains and grains of each texture component
c grain size is calculated by multiplying the number of pixels
c with step size square and a factor for sqrt(3/2) for hex grid.
c the equivalent diameter is calculated.
c (11/15/04) also calculated the max,ave,min rex. grain size
c and the grainsizes for rex. grain sizes for different texture components
c 02/09/2005 changed the definition of contiguity ratio and included the
c calculations of the grain size
implicit none


















write(*,*) ’Input Grain ID file to be analyzed’
read(*,*) filein






































write(*,*) ’total pixels in scan’, pix
write(*,*) ’total grains in scan’, grain

















c write(*,*) ’Grain being analyzed’, g







































































































c main program ends here
end do




































































































c determining the interfacial area/vol for recrystallized grains
c sv-interfacial area in contact with deformed grains
c rv-interfacial area in contact with rex grains































































































































































































































write(2,*)’total number of grains’, grain

















































































































qmis(jk,1)=qresult1(jk) ! gets the current orient
qmis(jk,2)=qtex(jk,ijk) ! gets the component
enddo !
call misquat(qmis,thetamin)






























c algorithm for forming resultant quaternion/rotation
c from applying a symmetry operator, QUATSYMM(n,lindex)
c to the first quaternion/rotation, QQ
c
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c If the symm oper == O, and the input quaternion, QQ, is an active
c rotation, then Qresult = (QQ x O)
c the "POST" in the name refers to writing the operator after the
c rotation/orientation in vector/tensor notation: Q’ = Q x O
c or in conventional quaternion notation, Qresult = Qsymm ? QQ
c
c Thus, for active rotations (standard definition of orientation in
c mechanics) this is suitable for applying CRYSTAL symmetry
c
if(lindex.gt.numsymm) stop ’error in presymm, lindex>numsymm’


























c algorithm for forming resultant quaternion
c from applying a symmetry operator, QUATSYMM(n,lindex)
c to the first quaternion/rotation
c
c If the symm oper == O, and the input quaternion, QQ, is an active
c rotation, then Qresult = (O x QQ)
c the "PRE" in the name refers to writing the operator before the
c rotation/orientation in vector/tensor notation: Q’ = O x Q
c or in conventional quaternion notation, Qresult = QQ ? Qsymm
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cc Thus, for active rotations (standard definition of orientation in
c mechanics) this is suitable for applying SAMPLE symmetry
c
if(lindex.gt.numsamp) stop ’error in PRESAMP, lindex>numsamp’


















subroutine testangs(phi1, capphi, phi2,result)
c tests to see if the angles fall within the specified range






















c convert Bunge Euler angles (radians) to quaternion;
c direct conversion from angles, see Altmann’s book





















































































































































c algorithm for forming resultant quaternion
c and determining minimum angle taken from Sutton & Baluffi
c
c note that the resultant quaternion is not returned
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c because it is not in the fundamental zone
c




























































c supply the sorted quaternion
c CAUTION: note that q1<q2<q3<q4





















c converts quaternion to Bunge Euler angles














c write(*,*) ’ quaternion input= ’,qq
c write(*,*) ’Bunge angles output= ’,p1,p,p2
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